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Serpentinized abyssal peridotites are evidence for active communication between 
the Earth’s hydrosphere and the upper mantle, where exchange and retention of both 
major and trace elements occur.  Rare earth elements (REE) and high-field strength 
elements (HFSE: Ti, Zr, Hf, Nb, Ta) are generally thought of as immobile during 
serpentinization.  In partially serpentinized abyssal peridotites, clinopyroxenes typically 
retain radiogenic Nd and Hf isotopic signatures that have been used to infer the 
composition and high temperature processes in the upper mantle.  However, bulk rock Nd 
isotopes in some serpentinized abyssal peridotites less radiogenic values that approach 
that of seawater, which has been previously explained as elemental exchange during 
seawater – rock interactions.  This discrepancy between the clinopyroxene and their bulk 
rock abyssal peridotite Nd isotope values question the presumed immobile nature of REE 
during serpentinization.  Yet the relationship between the clinopyroxene and bulk rock 
Nd isotopes and REE concentrations and whether REE are added or exchanged with 
peridotite, has not been explicitly tested.  In addition, to date no bulk rock Hf isotopes 
have been reported in abyssal peridotites, so it is unclear if HFSE in peridotites are being 
affected by serpentinization.  To answer these questions this dissertation reports detailed 
bulk rock trace element, Sr, Nd, Hf, Pb isotopes as well as trace and major element 
concentrations of primary and secondary mineral phases of serpentinized peridotites 
recovered from the ocean floor.  A subset of these rocks was analyzed by sequential 
leaching experiments.  These data shows that LREE are added to peridotites during 
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serpentinization in varying amounts and are being confined to secondary mineral phases.  
The extent of addition also depends on the water / rock mass ratio, a proxy for the extent 
of serpentinization, and the relative concentrations of REE in peridotite protolith prior to 
alteration.   Additionally, bulk rock Hf isotopes match with clinopyroxene Hf isotopes 
within 1 εHf unit while bulk rock Nd isotopes extend to much less radiogenic values than 
their clinopyroxene counterparts.  This data suggests that the bulk rock peridotite Hf 
isotopes are more resilient during serpentinization that Nd isotopes, and can be used to 
trace the magmatic history of the rock.  Additional experiments were performed between 
artificial seawater and fresh mineral separates from peridotites at a range of low 
temperatures <100°C at atmospheric pressures, intermediate temperatures of ~170°C at 8 
bars pressure and high temperatures at 300°C and 400°C at 500 bars pressure to constrain 
some of the driving mechanisms for the observed REE behavior during serpentinization 
in the natural samples.  Experiments at <100°C at atmospheric pressures show a 
preferential uptake of HREE over that of LREE to the olivine surface.  The kinetic rate 
constants of REE adsorption to olivine where calculated and are found to vary with the 
electron configuration of REE, rather than their radius.  Experiments at 170°C and 8 bars, 
this same trend but resulted in near complete removal of all REE in solution.  
Experiments between clinopyroxene and artificial seawater doped with isotopically 
enriched REE showed both uptake of REE from solution, but also exchange of REE 
between the mineral and seawater.  This implies that both uptake and exchange are 
operational during seawater – rock exchange, but the uptake dominates, consistent with 
the natural samples data above. Experiments at 300°C and 400°C at 500 bars confirm the 
high reactivity of REE on to the peridotite even at these temperature.  In summary this 
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dissertation shows that light REE are dominantly added to peridotites during 
serpentinization, and that serpentinization may be a sink for REE.  The bulk rock Hf 
isotopes are far less sensitive to serpentinization than Nd, possibly due to lower 
concentrations found in seawater relative to REE.  These data have implications on the 
isotopic evolution of serpentinized recycled lithosphere and the development of isotope 
heterogeneities in the mantle, the use of Nd isotopes to calculate water / rock ratios 
during serpentinization, and possibly the flux of LREE from the serpentinized lithosphere 





Water is critical in the transport of nutrients and elements from the continents to 
the ocean.  In oceanic basins, at subduction zones, axial, off-axis and rift systems 
seawater reacts with the peridotitic portion of the upper mantle in a process generally 
known as serpentinization.  Serpentinization leads to the uptake of several wt% of H2O 
into the peridotite, the redistribution of major cations (i.e. Mg, Ca, Si, Fe and C) among 
the newly formed secondary minerals (serpentine, magnetite, and brucite), addition of 
fluid-mobile elements (e.g. B, Cs, Sr, U) to the rock and the generation of Mg poor, CH4- 
and H2- rich, alkaline hydrothermal fluids (Allen and Seyfried, 2003; Paulick et al., 2006; 
Beard et al., 2009; Bach and Früh-Green, 2010; Kodolányi et al., 2012; Deschamps et al., 
2013 and references therein).  In general, serpentinization occurs at temperatures between 
180°C-350°C and is documented by the alteration of primary silicate minerals (e.g. 
olivine, clinopyroxene, and orthopyroxene) to secondary (or alteration) minerals (e.g. 
serpentine, brucite, and magnetite (Janecky and Seyfried, 1986; Kadko et al., 1994; Snow 
and Dick, 1995; Paulick et al., 2006; Seyfried et al., 2007; Foustoukos et al., 2008; Jöns 
et al., 2010).  Depending on the temperature of reaction the path of serpentine formation 
varies where at lower temperatures (180°C - 250°C) the dominant reaction is driven by 
olivine hydrolysis, generally depicted as: 
Mg1.8Fe0.2SiO4+1.37H2O → 0.5Mg3Si2O5(OH)4+0.3Mg(OH)2+0.067Fe3O4+0.67H2    (1) 
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At higher temperatures, (250°C - 350°C) pyroxene hydrolysis becomes the 
dominant path of serpentine formation generally expressed by the reaction:  
6CaMgSi2O6 + 6MgSiO3 + 5Mg++ +9H2O = 3Mg3Si2O5(OH)4 + Mg3Si4O10(OH)2 + 
Ca2Mg5Si8O22(OH)2 + 4Ca++ + 2H                                                                                  (2) 
where, during particularly diopside dissolution, there is a decrease in dissolved Mg from 
the solution accompanied by an increase in dissolved Ca (Janecky and Seyfried, 1986; 
Palandri and Reed, 2004).  Though we generally understand the process of 
serpentinization and the exchange of major elements between fluid and rock during the 
reaction, there is a lack of understanding regarding the behavior of rare earth elements 
(REE) and high-field strength elements (HFSE: Nb, Ta, Zr, Hf, Ti), particularly if they 
are mobilized into the hydrothermal fluid, redistributed within the altered rock or 
fractionated relative to each other. Understanding how these elements behave during 
serpentinization is critical since REE have been proven useful tracers for both processes 
and pathways both in the marine environment (Elderfield and Greaves, 1982; Elderfield 
et al., 1990; German et al., 1990; Alibo and Nozaki, 1999; Shiller, 2003; Sonke and 
Salters, 2006; Johannesson et al., 2011; Schijf and Marshall, 2011), and in solid earth 
(Frey and Haskin, 1964; Nagasawa et al., 1969; Shimizu and Hart, 1974; Schilling, 1975; 
Frey et al., 1980; McDonough and Frey, 1989; Johnson et al., 1990; Villemant et al., 
1993; Putirka, 1999).  The usefuleness of REE stems from their similar geochemical 
behavior (3+ charge, with Ce and occasionally Eu as exceptions), and the gradual 
decrease in ionic radius from La to Lu: the so called “lanthanide contraction”.  Together 
with Sr, Nd, and Hf isotopes REE systematics in rocks can also be used to model and 
interpret the magmatic processes and history of the rock ( McCulloch et al., 1980; 
 x 
Menzies et al., 1993; Snow et al., 1994; Salters and Zindler, 1995; Bizimis et al., 2004; 
Niu, 2004; Allen and Seyfried, 2005; Paulick et al., 2006; Delacour et al., 2008; Stracke 
et al., 2011), but only if they are not affected significantly by serpentinization. 
The overall objective of this dissertation is to examine the behavior of REE and 
HFSE (using Hf as a proxy) during serpentinization of mantle peridotite. This is a 
critically missing piece of the seawater – peridotite interaction puzzle as existing 
experimental and natural data are equivocal as to whether REE are faithful tracers of 
magmatic processes or whether they can be affected by serpentinization.  The primary 
questions I will attempt to answer is where are the REE and HFSE stored is serpentinized 
mantle rocks, if addition or exchange of these elements between rock and seawater has 
taken place during serpentinization, and which elements are more likely to be affected by 
the serpentinization process. 
To address these questions I undertook detailed geochemical and radiogenic 
isotope analyses study of serpentinized peridotites recovered from the ocean floor, from 
the South-West Indian Ridge, the Mid Cayman Rise and Mid Atlantic Ridge.  The 
samples were analyzed for bulk trace elements, Sr, Nd, Hf, Pb isotopes as well as trace 
and major element concentrations in their constituent mineral phases, primary and 
secondary.  A subset of these rocks was analyzed by sequential leaching experiments.  
Various techniques were used to collect this data from LA-ICP-MS and SEM (for in situ 
and spatial studies), solution ICP-MS (for bulk rock trace elements) and MC-ICP-MS 
(for isotope analyses).  Additionally, to understand the driving mechanisms for REE 
behavior during serpentinization I conducted experiments between artificial seawater and 
fresh mineral separates from peridotites at a range of low temperatures <100°C at 
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atmospheric pressures, intermediate temperatures of ~170°C at 8 bars pressure and high 
temperatures at 300°C and 400°C with 500 bars of pressure.  Justifications, methods and 
results will be presented in the next three chapters.  Chapter 1 will examine whether 
seawater-derived addition of REE to abyssal peridotites takes place during 
serpentinization. Chapter 1 is work that is already published (Frisby et al., 2016).  
Chapter 2 uses the coupled Nd and Hf isotope systematics of bulk peridotites compared 
to their clinopyroxenes to test whether Hf is also affected by serpentinization as Nd. A 
major component of the work presented in Chapters 1 and 2 was the development of a 
new method for the extraction and analyses of REE and HFSE from depleted ultramafic 
rocks that improve chemistry yields large sample dissolution (>1 gram).  Work described 
in Chapter 3 has been submitted for publication. Chapter 3 will present experimental 
results of peridotite minerals interacting with seawater designed to explore the potential 
mechanisms that drive REE incorporation and also examine isotopic exchange that may 
occur across various temperature and pressure under ideal water-rock interaction 
conditions. 
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SEAWATER-DERIVED RARE EARTH ELEMENT ADDITION TO ABYSSAL 
PERIDOTITES DURING SERPENTINIZATION1 
 
1.0 Abstract 
Serpentinized abyssal peridotites are evidence for active communication between 
the Earth’s hydrosphere and the upper mantle, where exchange and retention of both 
major and trace elements occur.  Bulk rock Nd isotopes in serpentinized abyssal 
peridotites imply interaction of seawater with the peridotite.  In contrast, the Nd isotopes 
of clinopyroxenes from serpentinized abyssal peridotites retain their primary magmatic 
signature. It is currently unclear if, how and where seawater-derived Nd and other REE 
are being added or exchanged with the mantle peridotite minerals during serpentinization.  
To remedy this knowledge gap, we present in situ trace and major element 
concentrations, bulk rock and sequential leaching experiment trace element 
concentrations as well as Nd, Sr isotope data on refertilized and depleted serpentinized 
abyssal peridotites from the Southwest Indian Ridge.  The secondary serpentine matrix
                                                
1 Frisby, C., Bizimis, M., and Mallick, S., 2016. Lithos, 248–251: 432-454.  
 Reprinted here with permission of publisher Appendix A. 
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and magnetite veins in these peridotites have elevated LREE concentrations, with 
variable negative Ce anomalies and large Rb, Sr, Pb and U enrichments that resemble 
seawater trace element patterns.  The LREE concentrations in the serpentine phase are 
higher than those expected for the primary mantle mineralogy (olivine, orthopyroxene) 
based on data from relic clinopyroxenes and equilibrium partition coefficients. These data 
are consistent with seawater-derived REE addition to the peridotite during 
serpentinization.  The bulk rocks have more radiogenic Sr and more unradiogenic Nd 
isotopes than their clinopyroxene (up to 8 εNd units lower than clinopyroxene).  
Sequential leaching experiments designed to mobilize secondary carbonates and Fe-
oxides show even more unradiogenic Nd isotope ratios in the leachates than the bulk rock 
and clinopyroxene, approaching seawater compositions (up to 15 εNd units lower than 
clinopyroxene).  Mass balance calculations using trace elements or Nd isotopes suggest 
that up to 30% of the bulk peridotite Nd budget is of seawater origin and was added to the 
peridotite, as opposed to being exchanged.  These data allows for more accurate 
constraints of the water/rock mass exchange ratios during serpentinization in these rocks 
(~1000 to 17000) that are at least an order of magnitude lower than using typical mantle 
and seawater endmembers.  These data provide strong evidence that serpentinization may 
also be a sink for the light REE, with implications for the refertilization of the peridotite 
during serpentinization, and the cycling of these elements through the subduction system 
and into the upper mantle. 
1.1 Introduction 
Submarine peridotite- hosted hydrothermal systems are the interface between the 
Earth’s oceans and the mantle, where significant elemental exchange takes place during 
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the serpentinization of peridotitic rocks.  Serpentinization leads to the uptake of H2O into 
the peridotite, the redistribution of major cations (i.e. Mg, Ca, Si, Fe and C) among the 
newly formed secondary minerals (serpentine, magnetite, and brucite), addition of fluid-
mobile elements (e.g. B, Cs, Sr, U) and the generation of Mg poor, CH4- and H2- rich, 
alkaline hydrothermal fluids (Allen and Seyfried, 2003; Paulick et al., 2006; Beard et al., 
2009; Bach and Früh-Green, 2010; Deschamps et al., 2013).   
Whether rare earth elements (REE) and high field strength elements (HSFE; Nb, 
Ta, Zr, Hf, Ti) are mobilized or fractionated during serpentinization is unclear.  On one 
hand, the positive correlations of REE concentration with highly immobile incompatible 
element like Th was evidence that serpentinized peridotites preserve their primary 
magmatic (high temperature) REE systematics (Niu, 2004; Paulick et al., 2006) and that 
the REE can be used to constrain the primary mineralogy and magmatic history of the 
peridotite prior to alteration (e.g., Deschamps et al., 2010).  Light REE enrichments in the 
bulk rock serpentinized peridotites relative to fresh clinopyroxene minerals in the same 
samples (Niu, 2004) imply some decoupling of REE within these rocks.  This decoupling 
is generally attributed to transient melt infiltration (e.g. Niu, 2004) where the 
clinopyroxene did not significantly react with the melt.   
In contrast, experimental work suggests REE mobilization into the hydrothermal 
fluid during serpentinization (Allen and Seyfried, 2005), suggesting that REE may be 
mobile during alteration.  A similar inference was made based on some bulk rock 
serpentinite compositions from IODP Leg 209, subject to high water / rock ratio reaction 
(Paulick et al., 2006; Jöns et al., 2010).  Furthermore, Sr, Nd isotopic evidence show 
higher 87Sr/86Sr and lower εNd for serpentinized abyssal peridotites (McCulloch et al., 
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1980; Menzies et al., 1993; Snow and Reisberg, 1995; Delacour et al., 2008) relative to 
typical mantle values recorded in abyssal peridotite clinopyroxenes (Salters and Dick, 
2002; Ciprianni et al., 2004; Warren et al., 2009, Mallick et al., 2014), and with isotope 
compositions that approach that of seawater.  These data imply isotopic disequilibrium 
between bulk rock peridotite and clinopyroxenes isotope ratios, although to our 
knowledge there has not been any systematic work that assessed clinopyroxene and bulk 
rock Sr and Nd isotope compositions in the same sample.  From the coupled Sr, Nd 
isotope systematics of bulk rock peridotites, water / rock mass ratio have been inferred to 
understand serpentinization and examine mass exchange between seawater and the 
Earth’s upper mantle (Foustoukos et al., 2007; Delacour et al., 2008). As a result of this 
apparent disequilibrium it is currently unclear if and whether the REE budget of 
peridotites can be affected, and to what extent by serpentinization and seafloor 
weathering reactions.  
Here we present a detailed investigation of in situ (laser ablation ICP-MS) and 
bulk major and trace element concentrations, as well as Sr and Nd isotopic compositions 
on primary and secondary mineralogy (through sequential leaching experiments) of six 
serpentinized abyssal peridotites from the Southwest Indian Ridge.  The selected samples 
have preserved primary clinopyroxene and occasionally orthopyroxene while most of 
olivine has been altered to serpentine.  The relic clinopyroxenes preserve the original 
mantle signature and have been previously characterized for their magmatic elemental 
and Sr, Nd, Hf compositions (Mallick et al., 2014; Mallick et al., 2015).  The detailed 
elemental and isotope comparison between bulk rock (altered) and clinopyroxene 
(magmatic) signatures allows to constrain whether REE have been added or exchanged 
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between the reactant seawater and peridotite during serpentinization.  We show that the 
secondary mineralogy (especially serpentine after olivine and magnetite) have a strong 
seawater – like signature with negative Ce anomalies and Sr, Nd isotopes approaching 
seawater.  This data allows us to reevaluate the utility of Sr-Nd isotope systematics as 
tracers of water rock ratios, the residence of trace elements in secondary minerals in 
serpentinized peridotites and the extent of REE exchange between mantle and seawater. 
1.2 Sample Description 
The analyzed abyssal peridotites are from two on-ridge locations along the 
Southwest Indian Ridge (SWIR: Dick et al., 2003; Standish et al., 2008) on opposite sides 
of the 16°E discontinuity (Appendix B).  Peridotites from 15.23°E (axial trough, 
subsequently labeled VAN 7-85 samples) sit on an oblique segment of the spreading 
ridge, while those from the 16.64°E location (fault scarp, subsequently labeled VAN 7-78 
samples) are from the orthogonal segment of the spreading ridge as defined by the angle 
between the spreading direction and the ridge axis (see Dick et al., 2003; Standish et al., 
2008 for geodynamic details).  These samples have been studied in detail for 
petrography, major, trace element, Sr, Nd and Hf isotope compositions in clinopyroxene 
and major element compositions in spinel (Warren et al., 2009; Mallick et al., 2014; 
Mallick et al., 2015). Clinopyroxenes from the 15.23°E peridotites have low TiO2 (≤0.24 
wt%) and Na2O (≤0.52 wt%), sub-chondritic LREE/HREE ratios and spinels with low 
TiO2 (≤0.11 wt%).  These data suggest minimal interaction with a melt and the 15.23°E 
peridotites are interpreted as nearly pure melt residues of ~8% melt depletion from a 
DMM source (Mallick et al, 2014).  Peridotites from 16.64°E are interpreted as re-
fertilized peridotites due to the frequent presence of plagioclase, high TiO2 (up to 0.53 
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wt%) and Na2O (up to 1.57 wt%) along with often super-chondritic LREE/HREE ratios 
in clinopyroxene, and spinels with high TiO2 (up to 0.46 wt%; Warren et al., 2009; 
Mallick et al., 2014; 2015).  Based on the Hf, Nd isotope compositions of the 
clinopyroxene from the SWIR peridotites and co-located basalts, Mallick et al. (2015) 
concluded that the depletion (for 15.23ºE peridotites) and post-melting enrichment (for 
9.98ºE and 16.64ºE peridotites) processes are related to recent processes beneath the 
ridge and where the 15.23ºE peridotites are consistent with a local depleted endmember 
of the MORB source mantle. 
Common textural features of serpentinization in these samples are shown in SEM 
images (Figure. 1.1).  Samples are dominated by a serpentine matrix ranging from black 
(VAN 7-78-36H and VAN 7-78-41) to a yellow-green (VAN 7-78-39 and VAN 7-85 
samples) in appearance, with crosscutting fibrous veins of magnetite centrally aligned 
within the serpentine veins.  Notably, magnetite is isolated from the primary minerals 
(Figures. 1.1A, 1.1B, 1.1C).  These features are consistent with the “type-2” veins 
described by Beard et al., (2009), of magnesian serpentine - magnetite associations in a 
fluid-dominated system.  Transect analyses by SEM across the magnetite veins show a 
decrease in Fe concentration and increase in Mg# in the serpentine towards the magnetite 
vein, also similar to the “type-2” veins of Beard et al. (2009).  These observations imply 
that magnetite is not precipitating directly out of olivine but formed likely as a reaction 
between pre-existing serpentine-brucite assemblage and fluid (Beard et al., 2009).  In 
general, magnetite in the VAN 7-78 samples is distributed throughout the serpentine 
matrix with typical widths of 30-80µm.  In the VAN 7-85 samples magnetite veins are 
more abundant in the serpentine matrix with typically smaller vein sizes of 10-40µm. 
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Tan, fibrous serpentine polymorphs of primary minerals (bastites), after 
orthopyroxene and olivine, are found within the VAN 7-78-39 and VAN 7-85- samples. 
At the mineral boundaries between orthopyroxene / serpentine and olivine / serpentine we 
observe dissolution features appearing as irregular undulating grain boundaries (Figures 
1.1E, 1.1F).  Orthopyroxene lamellae exsolved in clinopyroxene show preferential 
replacement by serpentine relative to clinopyroxene (Figure. 1.1D).  Flow structures are 
seen in the serpentine recording localized stresses, and sometime crosscut by secondary 
Fe depleted serpentine veins (Figures. 1.1E, 1.1F).  Our Laser Ablation investigation is 
focused on the elemental systematics of these type -2 serpentine veins, which dominate 
the matrix of these samples.   
1.3 Methods 
All chemical analyses and measurements where performed at the Center for 
Elemental Mass Spectrometry, Department of Earth and Ocean Sciences, University of 
South Carolina.  All acids used were produced in-house by single (HF and HNO3) or 
double sub-boiling distillation (HCl).  18MΩ water was produced through a Millipore 
Super-Q system.  All sample handling and acid dispensing was in a metal-free clean lab.  
All dry downs were performed in custom-made double-HEPA filtered forced air hot 
plates.  All bulk rock concentration analyses were performed on a Thermo ELEMENT 2 
HR-ICPMS, using Indium as internal standard, and standardized against the BHVO-2 
USGS rock material using the preferred concentrations from the GEOROC database.   
1.3.1 Laser Ablation: 
Fragments of the samples were mounted in epoxy, polished to 1µm with Al2O3 
powder and characterized and imaged with a reflected light petrographic microscope and 
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a Tescan Vega3 SBU Variable Pressure SEM equipped with an EDX system for 
composition determinations, at the Electron Microscopy Center, University of South 
Carolina.  In situ mineral major (23Na, 29Si, 27Al, 25Mg, 44Ca, 47Ti, 53Cr, 57Fe, 55Mn, 60Ni) 
and trace (88Sr, 89Y, 90Zr, 137Ba, 139La, 140Ce, 141Pr, 146Nd, 149Sm, 157Gd, 163Dy, 167Er, 
173Yb, 175Lu, 178Hf, 208Pb, 232Th, 238U) element concentrations where determined using a 
Photon Machines UV-Eximer 193nm laser ablation system with a HELIX 2 sample cell 
in He-atmosphere, coupled to a Thermo ELEMENT 2 HR-ICP-MS.  Concentrations were 
determined by spot ablation with an 110µm spot at 8Hz with ~ 11 J/cm2 fluence. 
Additional laser settings can be found in Table 1.1.  Due to the size of the laser beam and 
potential fine scale heterogeneity of serpentine (e.g. Frost and Beard, 2007; Frost et al., 
2013) and orthopyroxene due to exsolutions, we determined the major element 
compositions of each spot following the method of Humayun et al. (2010) where 
background corrected peak intensities are converted to oxide concentration ratio with 
respect to silica using relative sensitivity factors (RSF) defined as: 
RSF= (Ci/CSiO2) / (Ii/I29Si)    (1) 
where Ci is the concentration of element or oxide i, and Ii is the intensity of the element or 
oxide peak.  Relative sensitivity factors were obtained from multiple analyses of the glass 
reference materials NIST 612 and BHVO-2G, BIR-1G. 
Application of the RSFs required the SiO2 content to be determined using the 
equation:  
SiO2= 100/Σ(xi/SiO2)     (2) 
where xi are the major oxides MgO, FeO, CaO, TiO2, MnO, Al2O3, NiO2, SiO2 and H2O.  
When serpentine was ablated we assumed 13wt% H2O, otherwise it was set to 0. Trace 
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element concentrations were then determined from equation 1 using SiO2 concentrations 
determined from equation 1.  Analyses of magnetite always overlapped with serpentine 
matrix due to the fine nature of those veins, so we used the determined SiO2 of the 
composite spot as an internal standard.  The validity of this method is shown in Appendix 
C by the good stoichiometry of the average measured serpentine to the formula 
(Mg,Fe)3Si2O5(OH)4 and in Table 1.2 by comparing the clinopyroxene major element 
concentrations determined here against electron microprobe clinopyroxene data for these 
samples reported elsewhere (Warren et al., 2009; Mallick et al., 2014). Average trace 
element concentrations are reported in Table 1.3 and all individual spot analyses are 
reported in Appendix D. 
1.3.2 Sequential Leaching Experiments. 
Interior pieces of the peridotites were powdered with an agate ball mill.  The bulk 
rock was digested for trace element and isotope analyses.  A second fraction (~ 1 gram) 
was taken through a sequential leaching procedure following a modified technique after 
Chester and Hughes (1967) shown schematically in Appendix E.  The leaching steps 
were: first, an H2O leach for removal of any readily exchangeable metals; second, a 
buffered (pH=5) sodium acetate solution (NaOAc) for the selective removal of 
carbonates; third, a buffered (pH=4) hydroxylamine hydroxide (HH) solution for the 
preferential removal of Fe-oxide and Fe-oxyhydroxides and fourth, cold leach with 6N 
HCl for the removal of surface bound trace elements at mineral grain boundaries and 
removal of easily dissolvable mineral fractions (alteration).  The leached residues were 
also dissolved and an aliquot of each fraction was taken for trace element analyses.  The 
trace element and Sr, Nd isotopes of the leachates and the residual rock were then 
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compared to those of the bulk (unleached) rock.  See appendix F for additional details on 
the leaching protocol. 
1.3.3 Sr, Nd Isotopes 
We analyzed primary clinopyroxene, the bulk rock, the combined NaOAc and HH 
leaches, 6N HCl leachate, and the residual rock for Sr, Nd isotopes.  Separation of REE 
from Sr was performed using cation exchange resin.  Sr was purified on micro-columns 
with Sr-Spec resin.  Nd was purified on micro-column with LN spec resin.  Sr and Nd 
isotope ratios were measured on a Thermo NEPTUNE MC-ICPMS.  87Sr/86Sr and 
143Nd/144Nd ratios are normalized for fractionation to 86Sr/88Sr = 0.1194 and 146Nd/144Nd 
= 0.7219, respectively.  During these analyses the 87Sr/86Sr ratio of the NISTSRM-987 
was measured at 0.710306 ± 17 (2σ, n = 7) and 143Nd/144Nd of LaJolla at 0.511839 ± 10 
(2σ, n = 20).  The isotope ratios are corrected for instrument bias to 87Sr/86Sr=0.710250 
for the NISTSRM-987, and 143Nd/144Nd= 0.511858 for La Jolla. 
1.4 Results 
1.4.1 Major element compositions 
Average major element data for primary and secondary (serpentine, iron oxides) 
minerals are reported in Table 1.2.  For sample VAN 7-78-36H we use the clinopyroxene 
data reported in Mallick et al. (2014).  The major element systematics of the 
clinopyroxenes from these samples have been discussed in detail by Mallick et al. (2014) 
and are not further discussed here, as our focus is the trace element systematics related to 
serpentinization.   
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Olivine was variably altered, from cloudy partially serpentinized grains to 
serpentine with variable extents of alteration based on the MgO/SiO2 ratios acquired with 
SEM-EDX at multiple parts of the sample.  The serpentine stoichiometry from LA-
ICPMS serpentine analyses is (Mg+Fe)/Si ~ 1.3 to 1.55 in cation moles and straddles the 
ideal serpentine mineral stoichiometry of (Mg,Fe)3Si2O5(OH)4 (see Table 1.2, e.g., Frost 
and Beard, 2007).  Consistency of serpentine stoichiometry was found among all 
serpentine phases despite their different primary mineral of origin (olivine, 
orthopyroxene).  However, serpentine after orthopyroxene was found to have elevated 
concentrations of trace metals (Ti, Sc, Zr, REE, Hf) compared to that of serpentine after 
olivine (see Appendix D), consistent with the higher partition coefficients of these 
elements in orthopyroxene over olivine.  No brucite (Mg,Fe)OH2, was found, although 
we did not rigorously attempted to identify it and it still may be present and disseminated 
within the serpentine (e.g. Frost and Beard, 2007), which can explain some of the 
(Mg+Fe)/Si variance.   
Orthopyroxene has (Mg+Fe)/Si ~0.9 – 1.1 that straddles stoichiometric 
orthopyroxene (Mg,Fe)SiO3 and co-varies strongly with the Mg content as a result of 
partial overlap with serpentine or replacement by serpentine in some cases (Figure 1.1D). 
Magnetite (identified by the Fe3O4 stoichiometry from SEM analyses) is found 
widespread in these rocks, typically as disseminated veinlets in the serpentine (Figures 
1.1A, 1.1B).  Due to their small size compared to our laser beam size, the magnetite 
analyses overlapped with the matrix (always serpentine), as can be seen by the significant 
MgO and SiO2 in their totals and the Si/Mg cation ratios (Table 1.2).  Nevertheless, as the 
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signal is dominated by the magnetite (spot analyses FeO(T) > 60 wt%) these data are 
informative in constraining the trace element systematics of these magnetite veins.   
1.4.2 Trace element systematics of the bulk rock and minerals 
1.4.2.1 Bulk Rock  
Bulk rock REE patterns for the 6 peridotites are shown in Figure 1.2.  Both 
groups of peridotites have roughly similar HREE concentrations that are lower than 
primitive mantle (Figure 1.2A), consistent with being residues of melt extraction at a Mid 
Oceanic ridge setting.  The VAN 7-78 samples have higher LREE/HREE ratios than the 
VAN 7-85 samples with concave up REE patterns from La to Dy.  The VAN 7-85 
samples have a strongly depleted LREE to HREE pattern from Nd to Lu, but show a 
prominent negative Ce anomaly relative to La and Pr.  The extended bulk rock trace 
element patterns show strong positive U, Pb and Sr anomalies (Figure 1.2B), as typically 
found in other abyssal peridotites (Niu, 2004; Paulick et al., 2006), and serpentinites 
world-wide (Deschamps et al., 2013), usually attributed to interaction with seawater.  The 
higher concentrations in the LREE-MREE and Hf, Zr, Ti of the VAN 7-78 over the VAN 
7-85 samples are consistent with the refertilized nature of the former (e.g. Mallick et al., 
2014; 2015) as also identified in their clinopyroxene concentrations (see below). 
1.4.2.2 Clinopyroxene 
Clinopyroxene in the three VAN 7-85 peridotites and VAN 7-78-39 sample show 
strong LREE depletions over the HREE.  Most importantly, they lack the large negative 
Ce anomaly identified in the bulk rock patterns (compare Figures 1.2A and 1.3).  The 
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VAN 7-78-36H and VAN 7-78-41 clinopyroxenes show relative flatter REE patterns 
consistent with refertilization by melt rock reaction (Mallick et al., 2015).  
Extended trace element patterns for the clinopyroxene show similar patterns for 
both sample suites with enrichments in U over the LREE and Th, strong depletions in Sr 
and to a lesser extent Zr, Hf, Ti over the adjacent REE (compare Figures 1.2B and 1.4) 
and unlike the bulk rock concentrations.  Clinopyroxenes from VAN 7-78-36H and VAN 
7-78-41 show a flatter pattern with over two orders of magnitude higher LREE, Th and 
Ba than the other samples, consistent with refertilization and also seen in their bulk rock 
trace element systematics. 
1.4.2.3 Orthopyroxene 
The orthopyroxene HREE concentrations are similar in the two rock suites and 
roughly a factor of 4 lower than the corresponding clinopyroxene, generally consistent 
with experimental partitioning data (e.g. Salters et al., 2002; McDade et al., 2003).  
Orthopyroxenes in the VAN 7-78 samples have higher LREE contents than the VAN 7-
85 samples, consistent with these enrichments in the bulk rock and clinopyroxene 
systematics discussed above. The samples with the greatest LREE depletions display a 
distinct uptick in La over Ce that is not observed in the corresponding clinopyroxene 
(compare Figures. 1.2A and 1.3), and opposite to what is predicted from the partitioning 
systematics where LREE become increasingly more incompatible in the pyroxenes with 
decreasing atomic number and increasing coordination size (Hauri et al., 1994; Wood and 
Blundy, 1997; e.g. Salters et al., 2002; McDade et al., 2003).  We attribute this 
characteristic Ce depletion in orthopyroxene to alteration.  
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The extended trace element patterns of the orthopyroxene are roughly similar for 
the two suites with positive U and Pb spikes over the LREE and highly variable Sr 
concentrations.  The positive Hf, Zr, Ti spikes compared to the REE is consistent with 
higher partition of these elements over the adjacent REE in a compatibility diagram in 
orthopyroxene (e.g. Salters et al., 2002, compare Figures 1.2B and 1.4) 
1.4.2.4 Serpentine / matrix 
The HREE concentrations of the serpentine after olivine are 10-20 times lower 
than the corresponding clinopyroxene, roughly consistent with the partitioning of these 
elements between olivine and clinopyroxene (e.g. Salters et al., 2002; McDade et al., 
2003) and where the LREE are depleted with respect to HREE.  Serpentine after 
orthopyroxene typically has HREE concentrations up to 5 times lower than that of fresh 
orthopyroxene while LREE concentration are often 10-20 times greater with a negative 
Ce anomaly (Figure 1.3).  Serpentine in the VAN 7-85 and VAN 7-78-39 samples with 
the largest depletion in their LREE over HREE show characteristic negative Ce 
anomalies compared to La and Pr, as also observed in the bulk rock trace element 
systematics (compare Figures 1.2A and 1.3) but have also elevated LREE compared to 
the fresh primary mineral (Figure 1.3). The extended trace element patterns for these 
samples show strong positive U, Pb, and Sr anomalies together with negative anomalies 
in Th, Ce and Zr, mirroring those of the bulk rock trace element patterns (compare 
Figures 1.2B and 1.4).  
Serpentines in samples VAN 7-78-36H and VAN 7-78-41 show flatter REE 
patterns with higher LREE concentrations than the other samples and no obvious 
negative Ce anomaly, also consistent with their bulk rock trace element systematics.  The 
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extended trace element pattern for samples VAN 7-78-36H and VAN 7-78-41 is elevated 
compared to the VAN 7-85 and VAN 7-78-39 samples, with positive anomalies for U, 
Pb, and Sr but no distinct negative anomalies in Zr (compare Figures 1.2B and 1.4). 
1.4.2.5 Plagioclase 
Plagioclase was found in the VAN 7-78 samples, as veins generally smaller than 
100µm in width.  Laser ablation data of Plagioclase on samples VAN 7-78-36H and 
VAN 7-78-41 was acquired on the largest minerals found.  The REE pattern shows a 
LREE enriched pattern with the distinct positive Eu anomaly typical of plagioclase.  The 
HREE concentrations are lower than the serpentine matrix, but the LREE are higher 
(compare Figures 1.3 and 1.5A).  Extended trace element patterns show the strong 
positive Sr anomaly and higher Ba than the matrix serpentine, and characteristic large 
depletions in the HFSE compared to the REE (compare Figures 1.4 and 1.5B).  
1.4.2.6 Magnetite 
Magnetites in the VAN 7-78 samples have slight LREE depleted patterns with 
small negative Ce anomalies.  Their REE concentrations are roughly a factor of 5 lower 
than the corresponding serpentine (compare Figures 1.3 and 1.5C).  In contrast, magnetite 
in sample VAN 7-85-42 has a flat REE pattern with up to 100 times higher LREE 
concentrations than corresponding serpentine and again with a distinct negative Ce 
anomaly.  The extended trace element patterns are quite variable, with strong positive U, 
Pb, Sr spikes similar to serpentine concentrations (compare Figures 1.4 and 1.5D).  The 
HFSE are far more variable with both positive and negative Ti anomalies, but with a 
dominant negative Th, Zr, and Hf anomalies, particularly pronounced in sample VAN 7-
85-42 with the high REE concentrations.  
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1.4.2.7 Bulk Rock Reconstruction Model 
We used the laser ablation concentration data above to reconstruct the bulk rock 
trace element composition and determine modal abundance of the analyzed phases (Table 
2).  This exercise allows the better determination of the main hosts for different trace 
elements between primary and secondary phases.  Mineral modes were determined 
empirically by minimizing the average difference between modeled REE concentrations 
and measured bulk rock REE patterns from solution chemistry.  In order to avoid 
spurious results we constrained the modal abundance to less than 2% modal magnetite 
and plagioclase (where present), less than 10% clinopyroxene and a maximum serpentine 
to orthopyroxene ratio of 30.  In cases of poor overall match, we attempted to fit the 
HREE concentrations only.  The determined modal abundances are reported on Table 
1.2. The best-fit reconstructions have 1 to 8 % modal clinopyroxene, 3 to 25% 
orthopyroxene and up to 90% serpentine.  Importantly, 0.5 to 2% modal magnetite was 
always found necessary to best reconstruct the bulk rock concentration patterns (Figures 
1.6 and 1.7).  
The VAN 7-85 samples have the best overall fits between measured and 
reconstructed compositions, with less than 15% average difference across the REE.  This 
suggests that our laser investigation identified all major REE reservoirs in the rock and 
that the calculated modal abundances are reasonable (Table 1.2).  The VAN 7-78 samples 
were harder to fit, particularly for the LREE (La, Ce, Pr, Nd) where the model 
concentrations are significantly lower than the measured.  The REE reconstruction is 
particularly poor for sample VAN 7-78-41 as the HREE concentrations of clinopyroxene, 
orthopyroxene and serpentine are higher than the measured bulk rock, leading to steeper 
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LREE/HREE ratios and crossing patterns for the modeled vs. measured bulk, and 
unreasonably low clinopyroxene mode: negative).  In this case it appears that there is 
small-scale sample heterogeneity between the aliquot used for trace elements and for 
laser and modal abundances cannot be reasonably estimated for this sample with this 
method.  For sample VAN 7-78-39, the most LREE depleted of this suite, the HREE can 
be modeled well but the LREE fit is not good and highly sensitive to small changes of 
either the clinopyroxene or plagioclase modes.  The mismatch between measured and 
model trace element concentrations in the VAN 7-78 samples can be explained if our 
laser investigation “missed” a relatively LREE enriched component in these peridotites.  
As these samples are considered refertilized by a LREE enriched melt (Mallick et al., 
2014; 2015) perhaps there are components in the matrix related to this refertilization 
(trapped melt along grain boundaries?) that evaded our ablation investigation.   
1.4.3 Trace element systematics of leachate experiments 
1.4.3.1 H2O Leach 
The H2O leachates have about 2 orders of magnitude lower REE concentrations 
than the bulk rock, but with REE patterns that closely mimic that of the bulk rock 
including Ce depletion in the VAN 7-85 samples (Figure 1.8).  The extended trace 
element patterns show larger positive U and Sr anomalies than those of the bulk rock 
(Figure 1.9), with or without Pb spikes (VAN 7-85-42, 85-47).  These large U and Sr 
enrichments in the H2O leachates closely resemble that of average seawater (Figure 1.9, 
lower right hand corner). 
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1.4.3.2 Na-Acetate leach 
The NaOAc leach REE pattern mirrors that of the bulk rock for all samples.  The 
VAN 7-78 samples have concave up patterns with only a slight negative Ce anomaly and 
the VAN 7-85 samples have a distinct negative Ce anomaly.  Overall, the REE 
concentrations are roughly a factor of 20 lower than the bulk rock (Figure 1.8).  The 
extended trace element patterns again show strong positive anomalies for Sr and U, 
although the U enrichment is proportionally greater that the Sr compared to the bulk rock, 
suggesting stronger U mobilization in this leachate (Figure 1.9).  Characteristic is also the 
greater Ba/Th than all other fractions and the bulk rock, which we speculate is related to 
the affinity of Ba to substitute Ca in carbonate.  Importantly, all NaOAc leachate patterns 
overall resemble that of seawater but with higher HFSE depletions relative to the REE 
than average seawater.  This implies that the phase mobilized by this leachate carried 
REE, Sr and U preferentially over the HFSE. 
1.4.3.3 Hydroxylamine Hydroxide Leach 
The HH leach pattern generally mirrors the REE pattern of the bulk rock with 
concave up patterns for the VAN 7-78 samples and LREE depleted patterns with a 
distinct negative Ce anomaly in the VAN 7-85 samples.  Importantly, the HH leachate 
has higher LREE/HREE ratios that NaOAc leachate in the VAN 7-85 samples as seen by 
their crossing REE patterns (Figure 1.8).  The extended trace element patterns show 
distinct positive Sr, Pb and U anomalies with pronounced negative Ti, Zr, and Hf 
anomalies for all samples (Figure 1.9).  This is evidence for strong REE-HFSE 
fractionation during Fe-oxide and magnetite precipitation.   
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1.4.3.4 6N HCl Leach 
The 6N HCl leachate REE are 3-5 times lower concentrations than the bulk rock, 
but with higher LREE/HREE than the bulk rock (Figure 1.8).  The extended trace 
element patterns show the prominent positive U spike, as in the other leachates, while the 
Sr spike is now largely absent (Figure 1.9).  Negative Zr, Hf, and Th anomalies relative to 
the REE persist, while Ti depletions that were observed in the other leachates are absent. 
1.4.3.5 Residual Rock 
The residual rock after all leaching steps has a REE pattern that parallels the 
original bulk rock pattern at 2 to 4 times lower concentration (Figure 1.8).  The extended 
trace element patterns lack the Sr peak observed in the bulk and the H2O, NaOAc, HH 
leachates.  The U enrichment is now also lower and in some cases small positive Zr and 
Hf peaks are present, which is consistent with the presence of residual orthopyroxene 
(Figure 1.9). 
Overall, with sequential leaching there is progressive removal of the fluid mobile 
elements (Ba, Sr, Th and U) with 45-98% of the bulk rock budget mobilized by leaching 
(Appendix G).  Between 20% and 60% of the REE budget are mobilized from the bulk 
rock during total leaching while only up to 10% of the Hf and Zr bulk rock budget was 
been mobilized (Appendix G). The percent distribution of trace elements in the different 
leachate fractions is show schematically in the appendix G.  The sum of trace element 
concentrations in the leachate and residual fractions matches the bulk rock well, 
confirming that all elemental reservoirs have been accounted for during the sequential 
leaching (Figures 1.10 and 1.11). 
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1.4.4 Sr and Nd isotope data 
87Sr/86Sr and εNd values for the bulk rock and leachates are reported in Table 5 and 
plotted on a Sr-Nd anticorrelation isotope diagram (Figure 1.12) along with the 
clinopyroxene compositions from these samples from Mallick et al., (2014).  The 
clinopyroxenes from these peridotites appear to have retained their magmatic mantle 
signature and plot within the MORB field (Warren et al., 2009; Mallick et al., 2014).  In 
contrast, the bulk rock 87Sr/86Sr and εNd data are shifted to higher and lower values 
respectively than clinopyroxene.  The more depleted VAN 7-85 samples show a shift in 
both 87Sr/86Sr and εNd compared to their clinopyroxene, with their bulk rock 87Sr/86Sr 
essentially identical to that of modern seawater (87Sr/86Sr = 0.70916), and εNd up to 8 
units lower than clinopyroxene (e.g., sample VAN 7-85-43, Table 1.5).  The refertilized 
VAN 7-78 samples show a shift in 87Sr/86Sr towards seawater but not as extreme as the 
VAN 7-85 samples, and with little change in εNd.   
The leached rock εNd values fall between the clinopyroxene and the bulk rock for 
both sample suites.  For samples VAN 7-85-47 and VAN 7-85-42, their 87Sr/86Sr ratios 
increased after leaching to values higher than seawater. This peculiar observation was 
previously described as “orphan” 87Sr, possibly the result of incorporation of Sr of crustal 
origin as clays within the rock structure, which was not removed during leaching (Snow 
et al., 1993) and our experiments seem to confirm such a component in these peridotites. 
The combined NaOAc and HH leachates invariably have higher 87Sr/86Sr and 
lower εNd than the bulk rock (with εNd as low as  - 2.8 for Van 7-85-47; Table 1.5).  Even 
for the VAN 7-78 samples that show little change in the bulk rock vs. clinopyroxene Nd 
isotopes, the NaOAc + HH leachate has lower εNd than the bulk rock. The 6N HCl 
 
 21 
leachates have higher εNd than the NaOAc + HH leachates, invariable approaching the 
leached rock composition. This indicates that the enriched Nd isotopes are preferentially 
concentrated in a relatively easily mobile phase, yet some persist in the leached bulk 
rock.  
1.5 Discussion 
The key observations from the data presented above are summarized as follows: 
1.  U, Sr, Ba, Pb positive spikes and negative Ce anomalies are observed in situ in 
the serpentine fraction of altered peridotites, and in magnetite associated with veins 
within serpentine.   
2.  These anomalies are also observed both in the easily mobile phases as 
demonstrated by the leaching experiments, suggesting that they are dominantly hosted in 
secondary phases.  
3. The lack of negative Ce anomalies in the relic clinopyroxene is evidence for 
disequilibrium reactions in the serpentinized peridotites where the negative Ce anomalies 
are imprinted to the bulk rock at lower temperatures than magmatic conditions. 
4. 87Sr/86Sr and εNd isotopes in the bulk rock and leached fractions of these 
peridotites are higher and lower, respectively, than their clinopyroxene and approach the 
composition of seawater, linking directly the observed U, Sr, Pb spikes and negative Ce 
concentration anomalies in these fractions to seawater input.   
5.  The Sr, Nd isotope shifts between clinopyroxene and bulk rock, as well as the 
magnitude of Ce anomalies in the serpentine are more evident in the depleted peridotites 
from the VAN 7-85 dredge than the refertilized peridotites from the VAN 7-78 dredge.    
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6.  The combination of radiogenic Sr and unradiogenic Nd isotopes that approach 
the composition of seawater, together with U, Sr, Pb enrichments and negative Ce 
anomalies in the leaching experiments, suggests that seawater-derived Nd (and by 
inference other REE) has been incorporated into these peridotites during serpentinization.   
These data is strong evidence that in addition to the typical enrichments in fluid 
mobile elements seen in serpentinized peridotites (B, Cl, Sr, Rb, Cs, Li, C, S; e.g., 
Scambeluri et al., 2004; Alt et al., 2013; Deschamps et a., 2013, for detailed literature 
reviews), the REE systematics of peridotites can also be affected by seawater interaction. 
1.5.1 Nd-isotope mass balance between peridotite and seawater 
Assuming that the shift in bulk rock Nd isotopes in these peridotites, from their 
mantle isotope composition recorded in the clinopyroxene towards more enriched 
compositions, is entirely due to seawater interaction, we can determine the proportion of 
the bulk rock Nd that is seawater-derived.  This is calculated by mass balance using the 
Nd-isotope compositions of clinopyroxene (i.e., the mantle value) and seawater as end 
members, and that of the measured bulk rock as the mixture (eq. 3).  
 
%NdSW = (143Nd/144NdBR - 143Nd/144NdCpx)/(143Nd/144NdSW - 143Nd/144NdCpx)     (3) 
  
where 143Nd/144NdBR  is the measured bulk rock 143Nd/144Nd, 143Nd/144NdCpx is the 
measured clinopyroxene and 143Nd/144NdSW is the measured 143Nd/144Nd of average 
seawater from near the SWIR (see Table 1.5: Stichel et al., 2012).  The calculated range 
of seawater-derived Nd ranges from 3% for VAN 7-78-36H to 31% for VAN 7-85-43 of 
the bulk rock Nd budget (Table 1.5).  The more depleted VAN 7-85-dredge samples 
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record a greater proportion of seawater-derived Nd than the refertilized 78-dedge 
samples.  To a first approximation, this implies that depleted peridotites with low REE 
contents are more susceptible to a seawater influence and changes in their REE budget 
than more fertile ones. 
While this calculation is informative in terms of the impact of serpentinization on 
the bulk rock Nd budget, it does not reveal whether there was REE exchange between 
seawater and peridotite or seawater addition, or how the negative Ce anomaly developed.  
In the following we discuss: 1) the origin of the negative Ce anomaly in the bulk rock and 
serpentine, 2) the evidence for LREE addition within the secondary mineralogy, and 3) 
whether serpentinization acts as a sink for REE from seawater, or whether REE are 
exchanged between the ocean and the peridotite. 
1.5.2 LREE addition or exchange? 
1.5.2.1 Origin of the negative Ce anomalies 
One possible explanation for the negative Ce anomalies is preferential 
mobilization of Ce from the rock while all other REE are retained.  In principle, this is 
unlikely as we are not aware of any process that will make Ce more mobile, or soluble, 
than the other LREE.  Instead, Ce+3 can be preferentially oxidized to Ce+4, which is less 
soluble and less mobile than the other REE.  We can nevertheless test this hypothesis by 
calculating the hypothetical magmatic concentrations of the unaltered orthopyroxene and 
olivine in these peridotites using the REE concentrations of the fresh clinopyroxene and 
published mineral-mineral partition coefficients values (Appendix H; e.g. McDade et al., 
2003; Bizimis et al., 2004; Kelemen et al., 2004; Sun and Liang, 2014).  From these 
concentrations and the modal abundances determined by the laser-ablation reconstruction 
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(section 1.4.2.7) and assuming that the serpentine modal abundance equals that of the 
precursor olivine we reconstruct the REE content of the primary peridotite (Figure 1.13).  
If preferential mobilization of Ce out of the rock was the reason for the Ce depletions, 
then the reconstructed LREE concentrations (except Ce) should match that of the 
measured bulk rock.  We test this on the more depleted VAN 7-85 samples, as those have 
simpler REE patterns and are less affected by melt refertilization.  For the VAN 7-85 
samples, the HREE concentrations between measured and calculated bulk rocks match 
well, suggesting that the calculated modal abundances are reasonable (despite the volume 
increase of serpentine relative to olivine).  Yet, the calculated LREE are lower than the 
measured bulk rock, with no Ce anomaly.  As the partition coefficient between pyroxenes 
and olivine lack a Ce anomaly, errors in the modal abundances of any of these minerals 
cannot account for the Ce anomaly.  These data point to addition of (at least) La and Pr 
but not Ce to the rock, rather than selective Ce mobilization out of the rock. 
U and Th are both highly incompatible in the peridotite mineralogy (e.g., Salters 
et al., 2002), so their fractionation in the abyssal peridotites is largely controlled by the 
strong U addition seen in peridotites (e.g., Figure 1.2B) and attributed to seawater.  With 
increasing U/Th ratio and increasing seawater influence on the bulk rock U budget, the 
magnitude of the Ce anomaly increases (Figure 1.14).  This indirectly implies that the La 
and Pr addition over Ce must also be controlled to some extend by seawater.  As this 
U/Th vs. Ce anomaly correlation is dominant feature in the global abyssal peridotite 
compositions (Figure 1.14), it implies that the process of LREE addition by seawater 
might be also wide spread and only confined in the SWIR peridotites. 
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1.5.2.2 Nd isotopes and LREE addition 
Using the same bulk rock reconstruction from clinopyroxene as above, we 
compare the calculated Nd concentration of the primary peridotite (NdPR) to that of the 
measured bulk rock (NdBR), their difference being potentially an estimate of the amount 
of Nd that was added to the rock during serpentinization.  In this calculation the amount 
of added Nd to the NdPR here ranges from 17% to 70%.  For samples VAN 7-85-42, and 
VAN 7-85-43 there is a striking similarity (<5% difference) between the excess Nd 
calculated from the measured vs. modeled bulk rock, and the seawater-derived Nd from 
the Nd-isotope mass balance approach (Table 1.6).  This implies that addition of 
seawater-derived Nd alone can reasonably account for both the unradiogenic Nd isotopes, 
the excess Nd, and by inference the Ce-depletion in the REE patterns of these rocks.   
For the VAN 7-78 and VAN 7-85-47 samples, we find greater amount of excess 
Nd in the bulk rock than the calculated seawater-derived Nd from the isotope mass 
balance.  This discrepancy can be explained by transient metasomatism of the VAN 7-78 
samples by a melt prior to serpentinization.  If the infiltrating melt did not equilibrate 
with clinopyroxene, then the clinopyroxene concentrations will not be representative of 
the bulk rock and will lead to lower calculated bulk rock Nd concentrations than those 
measured.  In this case, the amount of seawater-derived Nd can best be calculated from 
the isotope mass balance, assuming that the infiltrating melt had a similar (i.e., relatively 
radiogenic) Nd isotopic composition to the primary clinopyroxene.     
1.5.2.3 LREE addition and HFSE depletions in the secondary mineral phases  
A key observation is that magnetite has negative Ce anomalies, as does the 
serpentine (Figures 1.3, 1.5C).  Magnetite also has flatter REE patterns than those 
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observed in both the primary and secondary silicate minerals and similar to seawater 
pattern.  Kodolányi et al. (2012) made similar observations in forearc serpentinites, where 
serpentine + magnetite veins have higher LREE contents than serpentine alone.  The 
presence of an Fe-oxide phase with flat REE patterns and Ce-anomaly is also inferred by 
the strong negative Ce anomalies in the HH leachates (Figure 1.8).  In the VAN-7-85-42 
and VAN-7-85-43 samples the HH leachates have flatter REE patterns and larger Ce-
anomalies than their bulk rock (Fig. 1.8).  This indicates that a portion of the LREE bulk 
rock budget (except Ce) is hosted in the secondary phases, consistent with both the REE 
modeling (section 1.5.2.1) and the Nd isotopes (section 1.5.2.2) arguments above.  As we 
discussed earlier (Section 1.2), the presence of magnetite within serpentine veins and 
away from relic olivine is explained by high fluid flux during the main stage of 
serpentinization (Beard et al., 2009).  The petrologic observation for high fluid and the 
Ce anomalies in magnetite imply that the source of these LREE enrichments is likely 
seawater-derived fluid. 
In contrast to the LREE element enrichments, negative Zr and Hf anomalies in 
both the magnetite (Figure 1.5D) and the HH leachate fractions (Figure 1.9) compared to 
the REE implies that the HFSE budget is less sensitive to serpentinization than the REE 
and must be dominated by the silicate minerals in the protolith.  This conclusion is further 
supported by comparing the bulk rock and leachate fractions Hf vs. Ti to that of Nd vs. Ti 
concentrations (Figure 1.15).  Hf and Ti are coupled and show a tight correlation, where 
as the NaOAc + HH and the 6N HCl leachates have preferential enrichment for the REE 
over Ti with nearly 2 orders higher Nd concentrations for a given Ti (Figure 1.15).  
Therefore Nd is enriched in the easily mobilized phases, but not Hf.  This supports 
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previous inferences that HFSE are a more faithful recorder of bulk rock magmatic 
processes (e.g. Niu, 2004; Lapen et al., 2005; Bizimis et al., 2007; Stracke et al., 2011) 
than REE in peridotites.   In addition to those studies however, here we present strong 
evidence that serpentinization may also be responsible for the decoupling of REE from 
the HFSE in serpentinized abyssal peridotites.  
1.5.2.4 Nd Isotopic disequilibrium within the peridotites 
The above evidence points to addition of a seawater-derived REE component to 
peridotites during serpentinization.  It is unclear however whether the REE hosted within 
the secondary phases (i.e., those mobilized from the NaOAc and HH) are exclusively 
from seawater or are a mixture of both seawater and of primary magmatic origin, that 
were mobilized during alteration.  Insight on this can be gained by the Nd isotope 
compositions of the leachate and bulk rock fractions.  For our samples, Sr is less useful in 
deciphering rock vs. seawater contributions, as the leachate Sr isotope composition is 
dominated by a seawater signal that does not vary significantly (Figure 1.12). 
Figure 14 compares the Nd and Sr isotope composition of the clinopyroxene (i.e., 
representing the primary mantle signature) with that of the bulk rock, the combined 
NaOAc + HH leachates, the 6N HCl leachate, and the residual rock after leaching.  The 
leachate NaOAc + HH fractions have highly radiogenic seawater-like 87Sr/86Sr and lower 
εNd than the bulk rocks, up to the highly unradiogenic value of εNd = -2.8 for sample 
VAN-7-85-47.  Despite their unradiogenic values, these leachate fractions do not have a 
pure seawater Nd isotope signature (εNd ~ -9.7), but rather a mixture of rock and seawater 
composition.  This implies that the Nd budget (and by inference the other LREE, besides 
Ce) in the secondary phases is not exclusively derived from seawater, but some of the 
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LREE are redistributed from the primary minerals to the alteration phases.  This inference 
is similar to that of Berndt et al., (1988) for Sr, where during hydrothermal alteration of 
mid ocean ridge basalts, Sr is thought to be released from the primary rock and then 
reincorporated in the alteration phases.   Here we infer that the process of release and re-
incorporation likely takes place during serpentinization.  Finally, the leached rock Nd-Sr 
isotope compositions plot invariably between that of the clinopyroxene and the bulk rock 
(Figure 1.12), indicating that the seawater signature is pervasive within the residual 
silicate fractions, and which probably include significant amounts of secondary 
serpentine, although we cannot directly confirm this by the solution chemistry.  
1.6 Summary and Implications 
The Nd isotope data reveals strong isotopic disequilibrium in the various fractions 
of these serpentinized peridotites, with compositions approaching seawater in the 
secondary phases, pervasive alteration in the silicates, but preservation of the mantle 
values in the clinopyroxene (and possibly orthopyroxene; Warren et al, 2009).  Combined 
with the enrichments in LREE along with the fluid mobile elements like Ba, U, Sr, and 
Pb in the serpentine and secondary minerals, we conclude that these data provide strong 
evidence LREE addition to the peridotite during serpentinization, and where the 
precipitation of secondary phases, like magnetite, appears to play a significant role in 
hosting the added REE budget.  Note that our data cannot easily constrain any HREE 
addition that might also be taking place, due to the higher HREE concentrations in all 
primary silicate minerals over LREE.  We also emphasize that these rocks still preserve 
relic high temperature mineral phases and as such they are not completely serpentinized.   
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1.6.1 Water / rock ratio modeling 
The Sr-Nd isotope systematics of serpentinized peridotites have been used to 
assess the integrated water/rock (W/R) ratio during serpentinization (e.g. Snow et al., 
1994; Delacour et al., 2008), a key parameter that allows to place constrains on pH, 
hydrogen generation, seawater-rock exchange as well as heat generation in hydrothermal 
systems (e.g. Foustoukos et al., 2008).  These calculations typically assume either closed 
(bulk exchange) or open (incremental reaction) system water/rock reaction (see Delacour 
et al., 2008 for details in the equations used here), Sr and Nd concentrations of the end 
member fluid and rock that remain unchanged during reaction, and that the fluid and rock 
are in equilibrium (e.g. Delacour et al., 2008).  Indeed, if rock or fluid concentrations are 
also free variables, these types of calculations cannot be solved explicitly and would 
require a range of solutions for a range of compositions.  The isotopic disequilibrium 
between the different parts of these serpentinized peridotites (Figure 1.12) and the 
preferential addition of LREE in the alteration phases shown here, raise questions as to 
the validity of the assumptions used in those calculations, and to the calculated water / 
rock ratios.  In light of these data, we explore the results of these W/R calculations on 
these peridotites, assuming either the bulk rock or parts of the bulk rock (effectively bulk 
peridotite minus clinopyroxene) reacted with seawater.  Compared to other literature 
efforts, here we know explicitly the primary magmatic isotopic composition of each 
sample from the clinopyroxene Sr and Nd isotopes, as well as the bulk rock Sr and Nd 
concentrations which to a first approximation we take to represent the protolith.  In the 
VAN 7-78 samples εNd varies less than half εNd unit and do not provide enough resolution 
to use the εNd as a tracer of W/R ratios for these samples.  As the Nd isotopic composition 
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of global seawater varies in the different ocean basins (e.g., Piepgras et al., 1979), we use 
seawater Nd isotope and concentration data from closest to the South West Indian ridge 
available (Stichel et al., 2012). 
From the 87Sr/86Sr ratios of the bulk peridotites and using either open or closed 
system water / rock reactions equations (Delacour et al., 2008) we calculate a W/R ratio 
for the VAN 7-78 samples in the range of ~0.6 – 40.  For the VAN 7-85 samples using 
the Nd-isotopes we calculate a range of ~1070 - 8500 (Table 1.6).  Due to the low W/R 
determined in the VAN 7-78 samples and no variability in the Nd concentrations, and our 
primary focus being on potential REE addition to the samples we will only focus on the 
VAN 7-85 samples in the following discussion.   
As the relic clinopyroxene has retained its mantle value, we can assume that only 
the Nd in bulk rock minus the Nd in the clinopyroxene exchanged with the seawater 
during serpentinization.  We calculate the Nd concentration of the orthopyroxene + 
olivine fraction of the rock by subtracting the amount of Nd locked in the clinopyroxene, 
using the clinopyroxene modal abundance from the modeling above and its measured 
concentration (Table 1.3).  The primary peridotite orthopyroxene + olivine fraction must 
have had the same Nd isotope composition as the clinopyroxene, as these rocks were 
until very recently under high temperature conditions in the upper mantle (1 to 2 My; 
Warren et al., 2009) and this is not enough time for significant (within one eNd unit) 
change in Nd isotopes.  We then calculate the Nd isotope composition of the “altered” 
orthopyroxene + olivine rock by subtracting the amount of radiogenic Nd locked in the 
clinopyroxene from the bulk rock Nd budget (Table 1.6).  In every case, the new water / 
rock ratio (without the clinopyroxene) is only marginally higher in all samples except 
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VAN 7-85-43 which doubled from ~8000 to ~17800 for a closed system (Table 1.6) and 
~6500 to 9200 for open system.  This is due to a large proportion of the bulk rock Nd 
residing in the clinopyroxene, which results in highly unradiogenic Nd in the 
orthopyroxene + olivine fraction and high W/R ratios.   
Note that if were to assume an average depleted mantle Nd concentration (e.g., 
0.7 ppm Salters and Stracke, 2004; 0.48 ppm, Workman and Hart, 2005) for the 
peridotite protoliths, the calculated W/R ratios would increase by at least ten-fold, to over 
170,000. This is because these peridotites have far lower bulk rock Nd concentrations 
than depleted or primitive mantle (Table 1.2), requiring less reaction (by mass) with 
seawater to change their Nd isotope composition. This explains why our calculated W/ R 
ratios are at least an order of magnitude lower than those reported by Delacour et al. 
(2008) for serpentinites from the Atlantis Massif, despite those samples having similar 
Nd isotopes to the SWIR peridotites reported here.  This demonstrates the need to use the 
actual peridotite concentrations to more accurately assess the W/R ratios from radiogenic 
isotopes. 
An alternative method to estimate W/R is to assume that the proportion of 
seawater-derived Nd in the bulk rock (Section 1.5.2) originated by complete scavenging 
of Nd from the seawater / fluid to the rock during serpentinization.  Qualitatively this is 
consistent with the high reactivity of REE for mineral surfaces e.g., adsorption of REE on 
marine particulates (De Baar et al., 1985a; De Baar et al., 1985b; Elderfield et al., 1990; 
Erel and Morgan, 1991; Sholkovitz et al., 1994), aquifer sands (Duncan and Shaw, 2003; 
Tang and Johannesson, 2005), mineral surfaces (silica beads, Schijf and Marshall, 2011; 
clays Coppin et al, 2002) and organic macromolecules (Sonke and Salters, 2006; Stern et 
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al., 2007; Stern et al., 2014) as well as our own experiments with olivine reacting with 
seawater (Frisby et al., 2011).  Assuming a closed system reaction, the mass of seawater 
required to react with the peridotite ranges from 1000-5400, lower but remarkably similar 
to the W/R ratios by Nd isotope exchange calculated above using the measured bulk rock 
concentrations.  These calculations are again consistent with Nd (and inferred LREE) 
addition rather than exchange took place during serpentinization.  Additional detailed 
analyses of this kind are needed to assess the effects of increasing degrees of 
serpentinization on the REE elements of peridotites. 
1.6.2 REE sink and impact on mantle reservoirs 
It has been suggested that the bulk rock REE systematics of serpentinized 
peridotites are controlled by depletion and melt addition (Niu, 2004), or redistribution 
and reequilibration during serpentinization (Allen and Seyfried, 2003; Deschamps et al., 
2012; Deschamps et al., 2013; Lafay et al., 2013).  Here, we further postulate that 
addition of REE also occurs during serpentinization of peridotites.  Such preferential 
addition of LREE will fractionate both the REE and HFSE/REE systematics in the 
serpentinized peridotites, leading to lower Sm/Nd and possibly higher Lu/Hf ratios than 
unaltered peridotites.  Subduction of serpentinized oceanic lithosphere is thought as a key 
mechanism of transferring water and fluid mobile elements (e.g. As, Sb, B, Li, Cs, Pb, U, 
Ba, Sr) into the mantle wedge beneath arc systems (Tatsumi et al., 1986; Kessel et al., 
2005; Kessel et al., 2015; Cannat et al., 1995; Carlson, 2001; Mével, 2003; Scambelluri et 
al., 2004; Cannat et al., 2010; Deschamps et al., 2011).  The limited available 
experimental data shows that during dehydration melting of peridotite (Tatsumi et al., 
1986; Kessel et al., 2005; Kessel et al., 2015), the LREE will preferentially partition to 
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the fluid/melt over the HREE. The excess LREE in serpentinized peridotites shown here 
coupled with their preferential mobility could then result in a high LREE/HREE and 
possibly high REE/HFSE ratio flux from the serpentinized peridotite to the mantle wedge 
during dehydration melting, along with the fluid mobile elements.   
Alternatively, if REE are retained within the serpentinized peridotite, past the 
subduction factory and into the upper mantle, the fractionated Sm/Nd and possibly Lu/Hf 
ratios will persist in the peridotite leading to decoupled Nd and Hf isotope systematics in 
the recycled altered lithosphere over time.  Lower Sm/Nd ratios and higher Lu/Hf ratios 
will result in relatively less radiogenic Nd isotopes for a given Hf isotopes, as frequently 
observed in oceanic peridotites (Bizimis et al., 2003; Bizimis et al., 2007; Stracke et al., 
2011).  Detailed experimental data on the mobility of REE out of serpentinites during 
dehydration are critically needed to further test this hypothesis. 
1.7 Conclusions 
The combined in situ trace element determinations, and sequential leaching 
experiments in serpentinized abyssal peridotites reveal that a seawater trace element 
signature is primarily confined within the secondary minerals of serpentine and 
magnetite.  The Nd isotopic shifts between clinopyroxene, bulk rock and leachates 
together with the high REE/HFSE ratios and Ce-negative anomalies are all consistent 
with REE addition to the peridotite during serpentinization, as opposed to exchange.  An 
accurate assessment of the water / rock mass ratios during serpentinization requires 
knowledge of the primary (mantle) isotopic composition of the rock (usually through 
clinopyroxene analysis) and the trace element systematics of the rock.  Modification of 
the REE and REE/HFSE ratios during serpentinization has implications for the trace 
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element budget and possibly Nd and Hf isotope systematics of recycled lithosphere and 
as a function of the mobility of these elements during dehydration of the serpentinized 
lithosphere within the subduction factory.  Finally, the preferential addition of REE 
compared to HFSE, we can surmise that HFSE are potentially a better recorder of 




Table 1.1: LA-ICP-MS Settings 
 
RF Power (W)  1200 
Ar Nebulizer flow 
(L/min)  0.6-0.8 
Ar Auxiliary gas (L/min)  0.7 
Ar cooling gas (L/min)  15 
He Carrier Gas (L/min)  0.3-0.7 
ThO+/Th+ (%)  <2 
Laser-repetition rate (Hz)  8 
Spot size (µm)  110 












Reconstruction  SiO2 TiO2 Al2O3 Cr2O3 FeO(t) MnO NiO MgO CaO Na2O 
H2O 
(Assumed) Total MgO/SiO
2 (%) wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% wt% 
VAN 7-78-36H 
Clinopyroxene@ 6 53.93 0.29 2.04 0.70 2.23 0.08 0.00 16.92 24.18 0.26  100.63 0.31 
St. Dev.               
Orthopyroxene 
(n=1) 15 56.93  3.87 1.53 6.58 0.36 0.00 29.49 1.24   100.00 0.52 
St. Dev.  0.26  0.12 0.11 0.41 0.13 0.00 0.22 0.16     
Serpentine (n=12) 75 42.51 0.02 0.57  3.81 0.06 0.26 39.73 0.03  13.00 100.38 0.94 
St. Dev.  0.92 0.08 0.51  1.18 0.05 0.05 0.89 0.02     
Fe-Oxide⌘ (n=1) 2 20.89 0.03 1.20 1.77 60.93 0.08 0.13 14.94 0.02   100.00  
St. Dev.               
Plagioclase (n=2) 2 43.57 0.05 23.98  0.16 0.03 0.00 0.24 31.92 0.05  100.00 0.01 
St. Dev.  2.56 0.00 1.24  0.09 0.03 0.00 0.18 1.04 0.01    
Reconstructed Bulk 
Rock  43.80 0.05 1.78 0.29 5.58 0.13 0.21 35.53 1.48 0.01 9.93 98.81 0.81 
VAN 7-78-39 
Clinopyroxene@  52.54 0.28 3.07 1.09 2.53 0.08  16.00 23.10 0.48    
Clinopyroxene (n=4) 7 51.11 0.15 5.02  3.93 0.10 0.08 20.54 19.08   100.00 0.40 
St. Dev.  0.66 0.01 0.93  0.76 0.01 0.03 4.38 4.00     
Orthopyroxene 
(n=4) 25 55.27 0.07 4.74  6.49 0.14 0.09 31.41 1.78   100.00 0.57 
St. Dev.  1.23 0.01 0.37  0.08 0.00 0.00 0.80 0.22     
Serpentine (n=6) 65 42.87 0.01 0.39  7.54 0.08 0.33 37.59 0.04  13.00 100.38 0.89 
St. Dev.  1.21 0.02 0.14  1.41 0.03 0.04 1.09 0.01     
Fe-Oxide (n=2) 1 16.99 0.00 0.15  68.18 0.58 0.13 13.93 0.03 0.00  100.00  
St. Dev.  3.95 0.00 0.02  5.41 0.04 0.02 1.46 0.00 0.00    
Plagioclase* (n=2) 1 43.57 0.05 23.98  0.16 0.03 0.00 0.24 31.92 0.05  100.00 0.01 
St. Dev.  2.56 0.00 1.24 0.00 0.09 0.03 0.00 0.18 1.04 0.01    
Reconstructed Bulk 
Rock  45.65 0.04 1.94 0.00 7.62 0.10 0.24 33.95 2.20 0.00 8.51 100.25 0.74 
VAN 7-78-41 
Clinopyroxene@  52.87 0.22 4.22 1.08 2.62 0.13  15.45 23.09 0.33    
Clinopyroxene (n=2) 1 49.40 0.19 2.53  2.84 0.10 0.04 17.06 27.67   99.84 0.35 
St. Dev.  0.05 0.03 0.50  0.03 0.01 0.00 0.59 0.00     
Orthopyroxene 
(n=3) 19 54.69 0.08 2.20  6.81 0.16 0.08 31.03 1.50   96.56 0.57 
St. Dev.  2.82 0.00 0.59  0.64 0.02 0.01 2.24 0.52     
Serpentine (n=6) 77 42.57 0.00 0.50  2.72 0.06 0.35 40.76 0.03  13.00 100.76 0.91 
St. Dev.  2.73 0.09 0.97  2.34 0.09 0.13 3.85 0.33     




St. Dev.               
Plagioclase (n=2) 1 40.00 0.00 27.48  0.78 0.13 0.01 2.70 28.89   100.00 0.07 
St. Dev.  1.03 0.00 4.10  0.55 0.10 0.01 0.62 4.36     
Reconstructed Bulk 
Rock  43.72 0.07 1.99 0.63 6.04 0.13 0.19 35.91 0.98 0.02 10.39 100.06 0.82 
VAN 7-85-42 
Clinopyroxene§ 
(n=5) 5 51.65 0.22 6.28 1.08 3.27 0.10  17.06 21.09 0.36  101.11 0.33 
St. Dev.  0.38 0.03 0.40 0.11 0.14 0.01  0.35 0.57 0.01    
Orthopyroxene§ 
(n=3) 25 55.08 0.08 5.20 0.72 6.23 0.12  31.50 2.03 0.03  100.98 0.57 
St. Dev.  0.18 0.00 0.10 0.01 0.09 0.02  0.33 0.27 0.01    
Serpentine (n=7) 69 41.48 0.01 0.40  7.34 0.07 0.32 37.33 0.05  13.00 100.41 0.86 
St. Dev.  2.64 0.04 1.32  4.35 0.06 0.08 2.48 0.20     
Fe-Oxide# 1 16.37 0.00 0.47  65.82 1.68 0.36 15.24 0.07   100.00  
St. Dev.               
Reconstructed Bulk 
Rock  43.69 0.05 2.13 0.16 8.62 0.12 0.20 33.82 1.48 0.02 10.23 100.53 0.77 
VAN 7-85-43 
Clinopyroxene§ 
(n=4) 8 51.79 0.17 6.33 1.13 2.97 0.11  16.68 21.03 0.40  100.61 0.32 
St. Dev.               
Orthopyroxene 
(n=1) 25 54.86  7.20 1.22 6.13 0.14 0.16 28.34 1.92   99.97 0.52 
Serpentine (n=11) 66 41.13 0.00 0.43  7.22 0.06 0.33 37.80 0.03  13.00 100.33 0.92 
St. Dev.  0.54 0.00 0.13 0.00 0.83 0.01 0.02 0.41 0.00     
Fe-Oxide (n=1) 1 16.37 0.00 0.47  65.82 1.68 0.36 15.24 0.07   100.00  
Reconstructed Bulk 
Rock  45.01 0.02 2.31 0.37 7.34 0.10 0.27 33.85 2.07 0.03 8.90 100.27 0.75 
VAN 7-85-47 
Clinopyroxene§  51.54 0.22 6.31 1.07 3.21 0.10  17.08 20.88 0.37    
Clinopyroxene (n=6) 5 51.17 0.16 5.76  3.54 0.11 0.05 18.25 20.64   99.69 0.36 
St. Dev.  1.15 0.01 0.42  2.37 0.00 0.00 0.92 1.45     
Orthopyroxene 
(n=1) 16 56.09 0.07 4.69  6.18 0.14 0.09 30.93 1.80   100.00 0.55 
Serpentine (n=6) 78 42.46 0.01 1.16  7.99 0.09 0.27 34.76 0.26  13.00 100.38 0.84 
St. Dev.  2.21 0.01 1.16  2.37 0.02 0.06 1.49 0.34     
Fe-Oxide# 1 16.37 0.00 0.47  65.82 1.68 0.36 15.24 0.07   100.00  
Reconstructed Bulk 
Rock  44.61 0.03 1.69 0.00 8.33 0.11 0.24 33.45 1.63 0.00 10.19 100.28 0.75 
"n" equals the number of spots determined 
⌘ Assumed magnetite from VAN 7-78-41 
#  Assumed magnetite from VAN 7-85-43 




@ Major element data from Mallick, S., Dick, H.J.B., Sachi-Kocher, A., Salters, V.J.M., 2014. Isotope and trace element insights into heterogeneity of subridge 
mantle. Geochemistry, Geophysics, Geosystems, 15(6): 2438-2453.  Major element data collects by electron microprobe. 
§ Major element data from Warren, J.M., Shimizu, N., Sakaguchi, C., Dick, H.J.B., Nakamura, E., 2009. An assessment of upper mantle heterogeneity based on 





Table 1.3: Average mineral phase trace element concentrations from laser-ablation ICP-MS 
 
Sample ID 
Ba Th U La Ce Pb Pr Nd Sr Zr Hf Sm Ti Gd Dy Y Er Yb Lu 
(ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ug/g) (ng/g) (ng/g) (ng/g) (ug/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) (ng/g) 
VAN 7-78-36H 
Bulk Rock 580.6 8.12 425.4 101.8 271.2 29.87 42.89 226.6 34.48 1823.6 59.65 95.60 320.5 169.4 248.6 1602 185.7 201.9 32.35 
Clinopyroxene@ 0.00 7.27 52.89 310.0 1490 59.70 0.00 2200 1.780 14810 480 1020 2093 1940 3090 17180 1930 1710 220.0 
Orthopyroxene (n=2) 0.95 8.02 3.11 3.98 25.10 10.73 5.50 38.63 0.014 2805.5 79.63 22.54 869.6 73.38 230.9 1858 292.6 455.3 79.85 
St. Dev. 4.38 4.47 1.10 3.02 24.51 0.96 5.45 39.50 0.002 2445.9 59.40 17.82 29.09 62.60 137.1 960.3 134.8 136.2 19.55 
Serpentine (n=12) 241.2 3.42 878.7 27.17 64.84 32.63 12.01 68.94 1.491 625.13 16.60 29.24 119.5 51.80 84.44 580.0 73.93 98.85 18.31 
St. Dev. 207.9 1.39 426.9 13.00 52.09 12.76 6.34 41.38 0.370 469 17.69 18.22 63.70 32.6 48.9 285 37.0 32.2 5.3 
Fe-Oxide⌘ (n=2) 136.8 10.42 208.9 21.64 67.50 38.41 13.07 54.42 0.997 589.80 12.19 21.09 4349 20.70 33.46 162.7 22.13 22.73 5.85 
St. Dev. 544.7 4.82 173.0 9.78 3.78 230.7 7.13 2.39 0.136 44.90 1.65 2.68 0.05 2.78 7.98 94.26 8.07 4.71 1.78 
Plagioclase (n=2) 3423 1.53 13.48 1295 2290 387.1 231.99 785.4 73.79 0.44 2.12 100.5 323.2 79.60 32.98 158.4 12.54 7.31 2.51 
St. Dev. 1179 0.55 7.08 268.7 244.2 11.65 29.81 114.5 19.17 0.00 1.42 9.71 28.38 0.88 1.58 4.81 4.62 1.18 1.84 
Reconstructed Bulk Rock 184.7 4.02 659.9 40.13 143.6 26.61 30.50 191.2 1.239 1788.9 53.59 87.44 350.8 167.8 285.8 1757 216.7 246.5 39.21 
VAN 7-78-39 
Bulk Rock 407.0 7.27 52.89 51.53 110.4 59.70 16.83 77.49 2.500 729.78 29.73 46.02 262.9 98.96 225.7 1548 194.0 224.3 37.08 
Clinopyroxene (n=4) 64.46 2.88 54.40 4.98 11.35 15.77 14.68 247.1 0.365 495.27 117.9 389.2 945.0 1034 1838 10788 1299 1221 177.9 
St. Dev. 64.30 4.26 75.33 7.71 6.95 18.69 6.56 10.96 0.221 45.95 12.95 7.97 44.59 60.68 32.65 287.9 59.20 21.35 3.93 
Orthopyroxene (n=4) 20.47 0.61 15.84 5.40 3.25 28.19 0.80 9.23 0.148 115.68 23.47 20.37 440.7 68.53 223.9 1795 261.4 385.5 69.56 
St. Dev. 20.68 0.78 20.61 8.41 4.32 15.03 1.69 5.37 0.206 10.02 3.23 5.86 36.07 17.35 18.95 141.3 19.12 28.61 3.00 
Serpentine (n=6) 454.9 1.24 1401 2.79 2.14 59.17 1.38 6.99 2.183 31.19 2.65 9.64 48.89 31.66 63.80 491.5 63.67 81.87 15.96 
St. Dev. 686.9 0.79 198.2 3.43 1.94 48.53 1.25 4.79 0.933 17.88 1.86 6.65 98.31 21.43 37.52 216.2 33.62 32.42 5.12 
Fe-Oxide (n=2) 1312 4.80 424.7 9.82 15.68 95.99 5.64 17.01 3.630 89.01 7.48 23.34 9.66 48.05 75.42 416.9 61.31 54.83 12.57 
St. Dev. 544.7 4.82 173.0 9.78 3.78 230.7 7.13 2.39 0.136 44.90 1.65 2.68 0.05 2.78 7.98 94.26 8.07 4.71 1.78 
Plagioclase* (n=2) 3423 1.53 13.48 1295 2290 387.2 231.99 785.4 73.79 0.44 2.12 100.5 323.2 79.60 32.98 158.4 12.54 7.31 2.51 
St. Dev. 1179 0.55 7.08 268.7 244.2 11.65 29.81 114.5 19.18 0.00 1.42 9.71 28.38 0.88 1.58 4.81 4.62 1.18 1.84 
Reconstructed Bulk Rock 366.2 1.38 929.9 7.42 7.42 48.43 2.76 26.75 2.085 87.19 16.54 40.85 212.7 115.5 235.4 1577 204.3 241.4 41.28 
VAN 7-78-41 
Bulk Rock 755.3 4.62 651.7 53.32 81.78 40.65 12.61 53.12 3.110 493.95 19.28 34.35 185.7 71.85 173.1 1271 150.1 169.9 29.79 
Clinopyroxene (n=2) 195.2 39.60 20.06 385.7 1214 18.75 213.17 1167 0.786 6825.3 274.3 764.5 1140 1664 2862 16529 1927 1736 239.0 
St. Dev. 87.26 1.32 0.73 36.40 8.38 0.83 29.45 239.2 0.026 2309.4 56.57 192.7 183.4 330.9 441.7 2737 292.5 282.3 15.61 
Orthopyroxene (n=3) 35.59 24.32 16.34 23.48 50.11 23.51 22.28 46.79 0.124 970.89 55.55 44.79 481.3 110.7 293.4 2395 359.4 542.5 104.9 
St. Dev. 5.82 13.10 9.66 13.05 30.55 12.91 9.25 25.80 0.041 368.69 24.60 19.33 25.30 43.71 61.10 252.0 46.25 50.01 15.15 
Serpentine (n=6) 359.9 7.58 160.7 56.12 59.08 30.33 20.80 53.33 1.205 147.19 9.42 21.19 27.10 34.87 51.93 322.3 48.09 64.84 15.68 
St. Dev. 412.9 13.65 311.5 15.88 29.87 15.01 16.46 20.90 1.942 448.61 21.25 20.51 267.4 46.58 132.8 1151 180.6 286.8 56.34 
Fe-Oxide (n=1) 188.8 12.88 27.19 17.23 37.18 26.82 11.84 8.13 0.585 31.00 3.13 10.51 193.2 9.48 12.32 43.64 13.74 17.50 7.62 
Plagioclase (n=2) 4403 15.35 18.76 376.9 418.9 40.44 50.73 134.9 55.20 11.15 10.01 31.33 24.31 41.96 36.89 162.8 21.04 17.29 8.86 
St. Dev. 2427 18.14 17.02 81.28 96.09 47.53 12.55 32.57 30.01 9.37 5.81 23.98 8.39 36.91 3.23 22.16 1.61 12.47 0.39 
Reconstructed Bulk Rock 333.9 11.30 127.7 56.31 74.28 28.94 23.48 65.25 1.524 377.99 21.14 34.35 129.2 68.07 129.9 898.3 128.1 173.3 34.92 




Clinopyroxene§ (n=5) 7.63 0.03 6.65 0.20 5.11 13.59 8.85 201.1 0.173 410.01 87.65 344.5 962.8 877.2 1633 9416 1151 1090 156.7 
St. Dev. 6.17 0.00 10.65 0.00 0.16 7.34 0.70 4.07 0.081 14.53 3.56 14.17 23.31 46.49 42.29 269.5 10.96 36.50 4.15 
Orthopyroxene§ (n=3) 3.46 0.04 0.91 0.30 0.25 8.18 0.08 3.90 0.023 90.80 21.14 13.22 434.8 56.27 181.2 1460 205.5 324.9 58.33 
St. Dev. 3.80 0.05 0.89 0.00 0.18 3.52 0.10 0.74 0.044 7.31 2.10 2.10 9.09 4.89 8.93 64.41 8.57 14.30 3.69 
Serpentine (n=7) 108.5 0.09 1079 0.14 0.28 14.41 0.24 1.90 3.052 30.39 3.93 5.36 42.82 16.78 37.98 302.9 36.58 54.42 10.50 
St. Dev. 408.9 0.12 779.4 0.37 0.12 5.79 0.14 1.64 15.63 33.97 9.72 3.45 202.4 12.66 46.96 374.1 55.78 94.14 17.23 
Fe-Oxide# 9186 2.45 495.1 363.7 352.8 421.7 111.18 429.0 14.89 157.19 1.77 133.3 5.93 166.6 216.9 908.2 141.6 130.6 21.97 
Reconstructed Bulk Rock 157.6 0.10 754.9 3.39 3.60 16.41 1.59 15.55 2.266 64.43 12.14 24.42 183.5 68.46 150.4 1025 132.1 171.3 29.40 
VAN 7-85-43 
Bulk Rock 374.5 0.48 948.5 17.37 3.51 64.31 3.98 32.73 3.561 149.44 18.41 35.60 179.5 93.57 192.9 1425 163.1 181.7 30.87 
Clinopyroxene§ (n=4) 2.00 0.00 2.67 0.16 5.69 12.26 10.21 223.2 0.160 356.14 82.04 354.8 847.1 844.4 1551 8896 1083 1059 151.2 
St. Dev. 0.00 0.03 2.96 0.09 0.76 5.71 0.72 10.11 0.008 70.73 5.30 14.70 17.17 23.66 34.92 139.1 17.96 30.58 3.25 
Orthopyroxene (n=3) 12.90 0.02 37.37 1.41 0.65 13.26 0.66 8.31 0.087 100.87 18.71 16.81 383.3 69.13 192.5 1470 214.1 319.0 57.44 
St. Dev. 21.81 0.03 62.95 1.91 0.44 2.30 1.06 4.29 0.149 41.08 3.46 2.87 38.48 18.78 29.26 177.3 21.57 25.97 4.49 
Serpentine (n=11) 107.8 0.23 1094 7.68 0.99 33.96 2.57 11.78 1.895 105.17 3.11 6.76 15.63 17.36 33.57 240.5 30.37 42.15 7.70 
St. Dev. 52.03 0.43 373.8 3.12 0.29 26.32 1.26 5.26 0.827 95.99 7.33 5.04 149.1 22.75 64.18 503.3 76.02 111.4 19.78 
Fe-Oxide (n=1) 9186 2.45 495.1 363.7 352.8 421.7 111.18 429.0 14.89 157.19 1.77 133.3 5.93 166.6 216.9 908.2 141.6 130.6 21.97 
Reconstructed Bulk Rock 446.5 0.91 752.3 8.51 4.29 10.94 2.41 28.49 3.835 101.73 13.65 33.53 154.9 89.09 169.9 1189 138.1 158.4 25.67 
VAN 7-85-47 
Bulk Rock 431.9 1.13 786.8 7.28 4.62 6.53 2.39 25.67 4.039 137.67 16.82 34.95 170.6 79.75 192.9 1447 162.2 177.9 30.93 
Clinopyroxene (n=6) 16.76 2.36 7.93 3.25 9.70 17.74 15.25 273.4 0.263 455.52 112.9 436.2 942.9 1092 1920 11342 1345 1277 183.2 
St. Dev. 16.26 1.33 2.94 1.91 4.12 22.92 2.67 26.18 0.070 31.60 15.60 22.20 65.98 84.28 91.80 614.0 76.09 101.3 12.71 
Orthopyroxene (n=1) 15.80 0.87 7.64 1.36 1.17 6.94 0.82 9.21 0.141 102.05 24.59 16.97 413.1 77.10 202.9 1559 239.0 334.7 54.79 
Serpentine (n=6) 225.7 2.14 1668 1.88 2.22 14.70 1.87 4.99 7.687 48.48 8.61 4.82 88.86 16.66 41.61 323.8 40.09 71.25 13.55 
St. Dev. 334.9 1.30 559.4 1.56 1.35 8.76 1.40 6.65 5.961 25.84 6.01 11.00 89.73 24.69 24.01 183.8 21.06 40.01 7.89 
Fe-Oxide# 9186 2.45 495.1 363.7 352.8 421.7 111.18 429.0 14.89 157.19 1.77 133.3 5.93 166.6 216.9 908.2 141.6 130.6 21.97 
Reconstructed Bulk Rock 233.1 1.95 1312 3.96 4.48 16.00 3.06 22.60 6.145 79.51 16.72 30.79 185.4 85.17 169.5 1116 142.5 178.1 29.23 
"n" equals the number of spots determined 
⌘ Assumed magnetite from VAN 7-78-41 
#  Assumed magnetite from VAN 7-85-43 
*  Assumed plagioclase from VAN 7-78-36H  
@ Major element data from Mallick, S., Dick, H.J.B., Sachi-Kocher, A., Salters, V.J.M., 2014. Isotope and trace element insights into heterogeneity of subridge 
mantle. Geochemistry, Geophysics, Geosystems, 15(6): 2438-2453.  Major element data collects by electron microprobe. 
§ Major element data from Warren, J.M., Shimizu, N., Sakaguchi, C., Dick, H.J.B., Nakamura, E., 2009. An assessment of upper mantle heterogeneity based on 




Table 1.4: Peridotite leachates and residual rock trace element concentrations 
 
Sample ID 
Ba Th U La Ce Pb Pr Nd Sr Zr Hf Sm Ti Gd Dy Y Er Yb Lu 
(ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) (ug/g) 
VAN 7-78-36H 
H2O Leach 0.008 0.000 0.006 0.001 0.002 0.001 0.000 0.001 2.296 0.006 0.000 0.001 1.149 0.001 0.002 0.008 0.001 0.001 0.000 
NaOAc Leach 0.248 0.000 0.215 0.017 0.033 0.001 0.005 0.029 17.549 0.000 0.000 0.012 0.039 0.021 0.030 0.164 0.022 0.022 0.003 
HH Leach 0.141 0.001 0.104 0.011 0.026 0.011 0.004 0.018 2.506 0.002 0.000 0.007 0.171 0.012 0.019 0.100 0.014 0.018 0.003 
6N HCl Leach 0.102 0.003 0.075 0.032 0.084 0.006 0.013 0.066 0.757 0.098 0.002 0.027 49.363 0.050 0.074 0.406 0.055 0.061 0.010 
Residual Rock 0.090 0.003 0.028 0.030 0.090 0.015 0.015 0.082 0.365 1.369 0.043 0.036 172.11 0.064 0.098 0.613 0.070 0.073 0.012 
VAN 7-78-39 
H2O Leach 0.010 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.160 0.002 0.000 0.000 0.635 0.000 0.001 0.005 0.001 0.001 0.000 
NaOAc Leach 0.357 0.000 0.231 0.008 0.007 0.002 0.002 0.008 0.775 0.000 0.000 0.004 0.042 0.008 0.015 0.094 0.012 0.013 0.002 
HH Leach 0.232 0.000 0.106 0.006 0.007 0.010 0.001 0.006 0.340 0.001 0.000 0.003 0.074 0.007 0.011 0.070 0.009 0.013 0.002 
6N HCl Leach 0.060 0.001 0.136 0.013 0.020 0.007 0.003 0.014 0.340 0.026 0.001 0.008 35.400 0.020 0.041 0.248 0.036 0.041 0.007 
Residual Rock 0.138 0.003 0.005 0.025 0.056 0.018 0.008 0.041 0.196 0.527 0.022 0.023 146.02 0.056 0.108 0.719 0.083 0.093 0.016 
VAN 7-78-41 
H2O Leach 0.005 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.137 0.002 0.000 0.000 0.758 0.000 0.000 0.003 0.000 0.001 0.000 
NaOAc Leach 0.164 0.000 0.025 0.006 0.007 0.001 0.001 0.006 0.433 0.001 0.000 0.003 0.035 0.005 0.010 0.067 0.010 0.012 0.002 
HH Leach 0.071 0.001 0.009 0.005 0.006 0.007 0.001 0.004 0.216 0.000 0.000 0.002 0.155 0.003 0.006 0.035 0.005 0.008 0.001 
6N HCl Leach 0.106 0.002 0.015 0.023 0.044 0.005 0.005 0.023 0.567 0.035 0.001 0.012 41.137 0.029 0.055 0.332 0.046 0.053 0.010 
Residual Rock 0.160 0.003 0.083 0.020 0.032 0.042 0.004 0.021 0.317 0.419 0.016 0.013 96.597 0.031 0.066 0.440 0.054 0.069 0.012 
VAN 7-85-42 
H2O Leach 0.005 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.246 0.001 0.000 0.000 0.313 0.000 0.000 0.002 0.000 0.000 0.000 
NaOAc Leach 0.398 0.000 0.417 0.001 0.000 0.000 0.000 0.002 70.086 0.001 0.000 0.003 0.067 0.006 0.014 0.093 0.013 0.014 0.003 
HH Leach 0.110 0.000 0.193 0.003 0.001 0.005 0.001 0.003 0.523 0.002 0.000 0.002 0.186 0.004 0.006 0.044 0.006 0.008 0.001 
6N HCl Leach 0.118 0.000 0.068 0.001 0.001 0.001 0.001 0.008 0.277 0.013 0.001 0.011 43.816 0.028 0.056 0.325 0.045 0.046 0.007 
Residual Rock 0.117 0.001 0.015 0.006 0.003 0.015 0.001 0.007 0.356 0.112 0.010 0.013 99.961 0.035 0.080 0.547 0.063 0.082 0.014 
VAN 7-85-43 
H2O Leach 0.004 0.000 0.007 0.000 0.000 0.000 0.000 0.000 0.248 0.001 0.000 0.000 0.484 0.000 0.000 0.003 0.000 0.001 0.000 
NaOAc Leach 0.190 0.000 0.490 0.005 0.000 0.000 0.001 0.005 1.360 0.000 0.000 0.003 0.045 0.009 0.016 0.116 0.015 0.016 0.003 
HH Leach 0.110 0.000 0.221 0.006 0.001 0.007 0.001 0.006 0.411 0.002 0.000 0.004 0.172 0.009 0.017 0.102 0.014 0.019 0.003 
6N HCl Leach 0.058 0.000 0.102 0.002 0.001 0.003 0.001 0.008 0.173 0.007 0.001 0.010 48.134 0.028 0.055 0.328 0.044 0.047 0.008 
Residual Rock 0.083 0.000 0.036 0.005 0.002 0.010 0.001 0.009 0.090 0.076 0.009 0.013 83.144 0.038 0.075 0.519 0.061 0.070 0.013 
VAN7-85-47 
H2O Leach 0.011 0.000 0.010 0.000 0.000 0.000 0.000 0.000 5.049 0.000 0.000 0.000 0.788 0.000 0.001 0.004 0.001 0.001 0.000 
NaOAc Leach 0.180 0.000 0.430 0.002 0.000 0.002 0.000 0.002 1.512 0.001 0.000 0.001 0.035 0.003 0.007 0.056 0.006 0.007 0.002 
HH Leach 0.148 0.000 0.186 0.001 0.001 0.004 0.000 0.001 11.216 0.002 0.000 0.002 0.155 0.005 0.011 0.074 0.012 0.016 0.003 








Table 1.5: 87Sr/86Sr and εNd Isotopes for Bulk Rock, primary CPX, Leachates and 
Residual rock. 
  
  87Sr/86Sr 2σ εNd 2σ 
% SW Nd 
contribution@  
VAN 7-78-36H 
Bulk Rock 0.708543 0.000005 7.26 0.10  
NaOAc + HH Leach 0.709108 0.000004 7.78 0.06  
6N HCl Leach N.D.  5.17 1.84 3 
Residual rock 0.705788 0.000020 8.00 0.06 1 
CPX 0.702858 0.000019 7.92 0.37 14 
VAN 7-78-39 
Bulk Rock 0.707067 0.000007 6.85 0.08 0 
NaOAc + HH Leach N.D.  3.15 0.23  
6N HCl Leach N.D.  5.05 0.08 4 
Residual rock 0.706889 0.000006 6.43 0.10 24 
CPX 0.702992 0.000007 7.67 0.18 14 
VAN 7-78-41 
Bulk Rock 0.708411 0.000007 5.46 0.08 6 
NaOAc + HH Leach 0.709039 0.000028 2.98 0.14  
6N HCl Leach N.D.  6.84 0.10 13 
Residual rock 0.706889 0.000006 5.56 0.10 26 
CPX 0.707895 0.000008 7.96 0.41 6 
VAN 7-85-42 
Bulk Rock 0.709175 0.000008 10.26 0.18 12 
NaOAc + HH Leach 0.709163 0.000003 6.42 0.25  
6N HCl Leach N.D.  11.17 0.24 12 
Residual rock 0.709463 0.000008 10.59 0.12 28 
CPX 0.702440 0.000017 13.28 0.27 9 
VAN 7-85-43 
Bulk Rock 0.709143 0.000008 5.70 0.27 11 
NaOAc + HH Leach N.D.  -1.81 0.14  
6N HCl Leach N.D.  8.08 1.12 31 
Residual rock 0.709044 0.000010 9.54 1.35 61 
CPX 0.702902 0.000147 13.30 0.41 21 
VAN 7-85-47 
Bulk Rock 0.709199 0.000008 10.24 0.55 15 
NaOAc + HH Leach 0.709250 0.000009 -2.80 0.22  
6N HCl Leach N.D.  10.33 0.11 13 
Residual rock 0.709568 0.000007 11.12 0.14 65 
CPX 0.702308 0.000013 13.36 0.06 12 
*  From Table 1 Station 101 at 4400m depth in Stichel et al (2012) The hafnium and neodymium isotope 
composition of seawater in the Atlantic sector of the Southern Ocean.  Earth Planet. Sci. Lett. 317-318, 
282-294. 
































SWIR Seawater* 8 2.00x10-6   0.70916 -9.70      
Van 7-78-36H 
BR 34.47 0.23 0.702858 7.92 0.708543 7.26 39.72 10.02 - - - 
Van 7-78-36H 
BR without CPX 34.26 0.17    7.04 41.02 10.14 - -  
Van 7-78-39 BR 2.50 0.08 0.702992 7.67 0.707067 6.85 0.61 0.34 - - - 
Van 7-78-39 BR 
without CPX 2.45 0.06    6.59 0.63 0.34 - -  
Van 7-78-41 BR 3.11 0.05 0.702800 5.56 0.708411 5.46 2.91 0.83 - - - 
Van 7-78-41 BR 
without CPX 3.11 0.05    5.41 2.92 0.83 - -  
Van 7-85-42 BR 143.35 0.02 0.702440 13.28 0.709175 10.26 - - 1150.27 1071.06 927.52 
Van 7-85-42 BR 
without CPX 143.33 0.01    4.99 - - 1562.87 1239.12  
Van 7-85-43 BR 3.56 0.03 0.702902 13.30 0.709143 5.70 - - 8085.29 6570.33 5024.71 
Van 7-85-43 BR 
without CPX 3.54 0.02    -2.72 - - 17829.42 9263.89  
Van 7-85-47 BR 4.04 0.03 0.702308 13.36 0.709199 10.24 - - 2229.37 2071.21 1790.26 
Van 7-85-47 BR 
without CPX 4.01 0.01    6.88 - - 2680.59 2262.90  
§  Derived from primary clinopyroxene for each sample.  
*  From Table 1 Station 101 at 4400m depth in Stichel et al (2012) The hafnium and neodymium isotope composition of seawater in the Atlantic sector of the 
Southern Ocean.  Earth Planet. Sci. Lett. 317-318, 282-294. 
~  W/R determining from Sr isotopes using equations used from Delacour et al (2008) Sr- and Nd-isotope geochemistry of the Atlantis Massif (30°N, MAR): 
Implications for fluid fluxes and lithospheric heterogeneity. Chemical Geology 254, 19-35. 
#   W/R determining from Nd isotopes using equations used from Delacour et al (2008) Sr- and Nd-isotope geochemistry of the Atlantis Massif (30°N, MAR): 
Implications for fluid fluxes and lithospheric heterogeneity. Chemical Geology 254, 19-35.  




Figure 1.1: Typical and common morphological features in the analyzed samples 
observed by SEM: A) Magnetite veins (bright features) in VAN 7-78-41 with feathery 
structures within serpentine. Note the predominance of magnetite at the center of the 
veined serpentine. Qualitative SEM data shows decreasing Fe content near the magnetite 
vein, as described by Beard et al. (2009).  B) Olivine replacement by serpentine in VAN 



























altered olivine with often but not always slightly different Fe/Mg ratios.  Note magnetite 
is never found in contact with preserved olivine.  D) Replacement of opx exsolution 
lamellae in cpx by serpentine (VAN 7-85-42).  Note cross-cutting fractures through the 
lamellae are also serpentinized.  Opx is preserved in the exsolutions at the bottom right of 
the figure.  E) Flow structure preserved in serpentine with cross-cutting serpentine vein 
with preserved cpx and opx relics. Note the jagged edges of orthopyroxene on the right 
(VAN 7-85-47).  F) Detail of serpentine after olivine structure  (VAN 7-85-47).  Note the 






Figure 1.2: A) Primitive mantle normalized Rare Earth Element patterns, and B) extended 
trace element patterns of the bulk rock peridotites, determined by dissolution chemistry.  
VAN 7-78 samples are shown in dashed lines and VAN 7-85 samples in solid lines.  




Figure 1.3:  REE patterns for cpx (blue), opx (orange), serpentine (grey), modeled 
primary OPX (orange dashed) and modeled primary olivine (green dashed) (see text for 
details).  LREE enrichment is noted in the fresh cpx for samples VAN 7-78-36H and 
VAN 7-78-41.  A negative Ce anomaly is observed in the serpentine of sample VAN 7-



































































































Figure 1.4:  Extended trace element patterns for cpx (Blue), opx (orange), serpentine 
(grey), modeled primary opx (orange dashed) and modeled primary olivine (green 
dashed).   General flatter pattern is noted in primary CPX for VAN 7-78-36H and VAN 
7-78-41. Serpentine phases have strong positive U, Pb and Sr anomalies, higher 





































































































































































































































































































Figure 1.5:  Primitive mantle-normalized plagioclase and magnetite concentration 
patterns. A) Plagioclase REE, B) Plagioclase extended trace element patterns, C) 
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Figure 1.6:  Bulk rock REE reconstructed concentrations (dotted lines) from laser 
ablation data compared to bulk rock patterns determined via traditional dissolution 
chemistry.  Samples VAN 7-78 (dashed lines) fits well for HREE, but the reconstructed 
REE are typically lower than measured.  Samples Van 7-85 (solid lines) measured and 
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Figure 1.7:  Primitive mantle-normalized bulk rock extended trace element reconstructed 
concentration patterns (dotted lines) from laser ablation data compared to bulk rock 
patterns determined via traditional dissolution chemistry.  Sample VAN 7-78-39 has a 
poorer fit to measured concentrations than VAN 7-78-36H and VAN 7-78-41 and the 
VAN 7-85 samples (solid lines), for which the patterns match well. For further discussion 



















































































































































































































































































Figure 1.8:  Primitive mantle-normalized REE patterns for bulk rock (black line), H2O-
leachate (red line), NaOAc-leachate (green line), HH-leachate (purple line), 6N HCL-
leachate (blues line), residual (leached) rock (orange line) and average seawater (grey 
dash-dot line; bottom right panel).  Leachates mostly follow bulk rock patterns, but in the 
VAN 7-85 samples the NaOAc and HH leachates have flatter REE pattern than the bulk 
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Figure 1.9:  Primitive mantle-normalized extended trace element patterns for bulk rock, 
leachates and residual rock shown in figure 10.  Note the characteristic depletions in Hf, 
Zr, Ti relative to the REE in the NaOAc and HH leachates, implying excess REE addition 
during alteration. Also note the decrease in the Sr enrichment with progressive leaching 
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Figure 1.10:  Comparison of primitive mantle-normalized REE patterns between 
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Figure 1.11:  Comparison of extended trace element patterns between measured (dashed 











































































































































































































































































Figure 1.12:  87Sr/86Sr and εNd values for primary cpx (blue dot), bulk rock (orange 
triangle), leached rock (green square), NaOAc + HH leachate (red square), and 6N HCl 
leachate (red diamond) for each of the peridotites analyzed.  Samples are compared to the 
MORB-OIB field and a rock-seawater interaction model using the equations given in 
Delacour et al. (2008).   The model assumes isotopic equilibrium between seawater and 
bulk rock and no change in their respective concentrations (i.e., pure element and isotope 
exchange). Here we use the Nd –isotope compositions of cpx for these peridotites 
reported in Mallick et al. (2014) and the measured bulk rock Nd concentration as the rock 
end-member.  This assumes no change in the Nd concentrations of the peridotites during 
exchange. The Nd concentration and isotopic composition for seawater near the 
Southwest Indian Ridge is taken from (Stichel et al., 2012). Tick marks along the lines 
show water/ rock mass ratios.  The primary cpx falls within the MORB-OIB field while 














































































































the cpx.  The leached peridotites plot closer to their respective cpx.  The combined 
NaOAc+HH leachates plot closer to seawater, while the 6N HCl leachate plots close to 






Figure 1.13:  Peridotite protolith REE reconstructed composition (blue lines) using 
determined modal abundances from bulk rock reconstruction models, where serpentine = 
olivine (see Appendix I), and cpx partition coefficients compared to measured bulk rock. 
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Figure 1.14:  Ce/Ce* (Ce anomaly) vs. U/Th where all ratios are determined from 
concentrations and Ce/Ce* is calculated as Ce/((La+Pr)/2).  Where with increasing U/Th 
there is an increase in seawater influence due to the addition of U and subsequently a 





Figure 1.15:  Bulk Rock and leachate Ti vs. Nd (A) and Hf vs. Ti (B) where Hf for a 
given Ti has a tighter correlation in the bulk rock.  NaOAc+HH leachates for a given Ti 
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Serpentinized abyssal peridotites are the product of the chemical interaction 
between the Earth’s oceans and the peridotitic upper mantle.  This reaction is dominated 
by the addition of water and fluid mobile elements to the peridotite, with implications on 
the cycling of water and fluid mobile elements in subduction zones.  Rare earth elements 
(REE) were generally thought as immobile during serpentinization.  However the 
identification of Nd (and Sr) isotopic disequilibrium between fresh clinopyroxene and 
their host bulk serpentinized peridotite suggest addition of Nd and other light REE to the 
peridotite during serpentinization (Frisby et al., 2016).  As with the REE, the high-field 
strength elements (HFSE) have also been considered immobile and non reactive during 
serpentinization.  However, this has yet to be explicitly tested.   Here we present a 
modified dissolution and extraction method that improves on the yields of REE and 
HFSE from highly depleted ultramafic rocks (peridotites) through the use of B(OH)3 
during digestion dry-down steps, Fe-precipitation for REE-HFSE sequestration, and 
liquid-liquid exchange for Fe removal.   Using this method we report on the Nd and Hf 
                                                
2 Frisby, C., Bizimis, M., and Mallick, S. Submitted to Chemical Geology, 3/14/2016 
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isotope compositions of bulk rock serpentinized abyssal peridotites from the South-West 
Indian Ridge (SWIR), Mid-Atlantic Ridge (MIR) and Mid-Caymen Rise (MCR) and on 
samples where their clinopyroxene Hf-Nd isotopes were previously reported.  The bulk 
rock Hf isotopes are equal to clinopyroxene to within 1 εHf, while Nd isotopes in the bulk 
peridotite are up to 8 εNd units less radiogenic than their clinopyroxene.  Melt-rock 
reaction between the depleted peridotite endmember and local enriched lavas cannot 
generate the observed decoupling between Hf and Nd isotopes.   Our data is instead 
consistent with seawater – peridotite interaction as this results in significant shift in Nd 
isotopes with little to no change in Hf isotopes until extremely high water / rock mass 
ratios of  >100,000.  Our data shows that Hf isotopes are not affected by serpentinization 
and that Hf isotopes in bulk peridotites better record the magmatic composition of 
peridotites than Nd or Sr.  The largest Nd isotopic difference between clinopyroxene and 
bulk peridotite is observed in the most LREE-depleted samples, while refertilized 
samples show little change.  Based on the bulk rock (serpentinized) and clinopyroxene 
(magmatic value) Nd isotope compositions we estimate that 1-34% of the bulk rock Nd 
budget is seawater derived, but only 1-6% of Sm and <2 % of Lu and Hf in these 
samples.  Therefore serpentinization will lower Sm/Nd relative to Lu/Hf ratio in a 
peridotite and this may lead to decoupling between Hf and Nd isotopes upon recycling 
and aging, assuming no additional fractionation of these elements during the subduction 
process.  Alternatively, if the excess Nd is mobilized during the excess Nd in the 
serpentinized peridotites may become an additional reservoir for Nd in arc volcanism if 




Serpentinization of mantle peridotite results in both mineralogical (e.g. formation 
of serpentine group minerals at the expense of primary mantle minerals; Bach et al., 
2006; Jöns et al., 2010) and chemical changes, dominated by the addition of water 
(several wt%) and fluid mobile elements (e.g. B, Li, Cl, U, Sr, Cs, Rb: Paulick et al., 
2006; Kodolányi et al., 2012; Deschamps et al., 2013 and references therein) to the 
protolith.  In turn, rare earth element (REE) and high field strength element (HFSE: Nb, 
Ta, Hf, Zr, Ti) concentrations of mantle peridotite are thought to be relatively insensitive 
to serpentinization.  In a comprehensive study of trace element systematics of bulk 
abyssal peridotites, Niu (2004) argued that the high degree of correlation between the 
concentrations of REE and the HFSE is evidence for magmatic (i.e., melting and/or melt 
rock reaction) control, and that serpentinization has a minor, if any, effect on bulk rock 
budget of these elements.   In contrast, Paulick et al. (2006) attributed enrichment in the 
LREE concentrations of some highly serpentinized peridotites to hydrothermal alteration, 
consistent with some experimental data that has shown increase in REE concentration in 
fluids during fluid-serpentinized peridotite reaction (Allen and Seyfried, 2005).   More 
recently, Frisby et al. (2016) showed that bulk rock abyssal peridotites often have more 
unradiogenic εNd values than their clinopyroxenes.  Through detailed leaching 
experiments and in situ analyses the authors concluded that an unradiogenic Nd 
component is mostly hosted in the secondary minerals serpentine and magnetite, and is 
accompanied with seawater-like trace element systematics, particularly large Ce-negative 
anomalies and large U/Th ratios.  Based on mass balance calculations Frisby et al. (2016) 
concluded that seawater-derived Nd has been added to the bulk peridotite during 
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serpentinization, and in disequilibrium with the clinopyroxene, as the fresh clinopyroxene 
still retains its high temperature (magmatic) Nd isotope composition and trace element 
systematics.  The addition, as opposed to exchange, of Nd to peridotite during 
serpentinization has implications on water / rock mass ratio calculations and possible 
parent / daughter fractionation in the oceanic lithosphere beyond those imposed by 
magmatic processes (Frisby et al., 2016).  
Frequently observed in mantle peridotites is the decoupling of Hf from Nd 
isotopes, often with relatively more radiogenic Hf for a given Nd (Salters and Zindler, 
1995; Bizimis et al., 2004; Stracke et al., 2011).  This has been explained by the relative 
resistance of Hf over Nd, to metasomatic processes (Bizimis et al., 2004; Stracke et al., 
2011), which in turn is attributed to the greater compatibility of Hf than Nd in the upper 
mantle mineralogy (e.g. Salters et al., 2002).  As such, Hf isotopes may better preserve 
information about the time-integrated parent-daughter fractionation of a peridotite than 
Nd isotopes as shown, for example, in the Hawaiian lithosphere (Bizimis et al., 2004; 
Bizimis et al., 2007) and the Gakkel ridge mantle (Stracke et al., 2011; Salters et al., 
2012).  Yet, in light of the evidence for modification of Nd isotopes and REE in 
peridotites by serpentinization cited above, a first order question is whether the bulk 
peridotite Hf – isotopes are also modified during serpentinization. This question stems 
from the observations and calculations of Stracke et al. (2011) who demonstrated that in a 
typical upper mantle depleted peridotite a larger proportion of Hf over Nd is hosted in the 
orthopyroxene and olivine part of the peridotite than clinopyroxene, due to the higher 
partition coefficients of Hf over Nd for orthopyroxene and olivine (e.g. Salters et al., 
2002; McDade et al., 2003).  If the non-clinopyroxene part of the peridotite is susceptible 
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to change in its Nd isotope composition (Frisby et al., 2016), then the effect of alteration 
may be even higher for Hf.  The present study is designed to test this hypothesis. 
This study is a continuation of the Frisby et al., (2016) study, and addresses the 
behavior of HFSE during serpentinization through a comparison of the coupled Hf-Nd 
isotope systematics of bulk rock serpentinized abyssal peridotites with those of their 
clinopyroxenes (Mallick et al., 2014; Mallick et al., 2015).  We present the first (to our 
knowledge) Hf isotope data on bulk rock abyssal peridotites from the South West Indian 
Ridge, two peridotites from Mid-Cayman Rise and the Kane Fracture Zone, and the PCC-
1 USGS rock reference material.  By comparing the Nd and Hf isotopic composition of 
the bulk rock with that of the clinopyroxene (i.e. magmatic value) we demonstrate that, 
unlike Nd, bulk rock Hf isotopes are not affected by serpentinization as the bulk rock Hf 
isotopes are within error identical to that of their clinopyroxene.  Our data demonstrates 
that bulk rock peridotite Hf isotopes and concentrations are a reliable tracer of high 
temperature mantle processes and not affected by serpentinization.  In addition, we 
present an updated method for the preconcentration of Hf, Nd, and other HFSE and REE 
from large amounts (>1 gram) of incompatible trace element depleted ultramafic samples.  
This method overcomes previous yield problems when processing large amounts of 
sample and can be used for the Hf and Nd isotope characterization of increasingly more 
depleted peridotites, those with low or absent clinopyroxene, or orthopyroxene-rich 
fractions.  
2.2 Sample descriptions and previous work 
Samples for this investigation are from the Southwest Indian Ridge (SWIR), Mid-
Cayman Rise and the Kane Fracture Zone (MAR).  These samples were analyzed for Nd 
 
 67 
and Sr isotopes in their clinopyroxene by Warren et al. (2009); Mallick et al. (2014), and 
the SWIR samples for Hf isotopes in clinopyroxene in Mallick et al. (2015).  Some of the 
SWIR samples reported here were subject to a detailed Sr, Nd isotope, laser-ablation and 
sequential leaching study (Frisby et al., 2016) to constrain the residence of REE in 
serpentinized peridotites.  Data from that study is reported here as necessary for data 
completeness.  Further details for locations, sample descriptions, and previous work are 
highlighted in following paragraphs.  
2.2.1. Southwest Indian Ridge 
Southwest Indian Ridge (SWIR) is an ultra-slow spreading ridge segment (full 
spreading rate 14-15 mm/yr) that extends ~7700 km from Bouvet Island in the west to the 
Rodrigues triple junction in the east. Two near-ridge hot spots (Bouvet and Marion 
islands) locally contribute along a large section of the ridge to the geochemical and 
physical features (transform faulting) of crustal formation along the ridge.  The 9-25°E 
segment of the ridge is bounded by Du Toit Fracture zone in the east and by Shaka 
Fracture Zone in the west. The ridge spreading direction between 9-16°E segment is at 
~57° angle with the ridge axis and is referred to as the oblique segment, with decreased 
melt production rate per unit of ridge length (Dick et al., 2003; Standish et al., 2008). 
This part of the ridge consists of linked magmatic and amagmatic segments; mantle 
peridotites are dominantly dredged from the amagmatic segment. The eastern part of the 
ridge segment (16-25°E) spreads sub-perpendicular to the ridge axis and referred to as 
orthogonal segment and consists of short en echelon second-order magmatic ridges that 
lie sub-perpendicular to spreading direction separated by non-transform offsets (Dick et 
al., 2003; Standish et al., 2008).  The samples analyzed in this study are dredged from 
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three on-ridge locations: 9.98°E (inside corner high), 15.23°E (axial trough), 16.68°E 
(fault scarp). Further details on the geodynamic description of this ridge can be found in 
le Roex et al. (1989); Mahoney et al. (1989); le Roex et al. (1992); Dick et al. (2003); 
Meyzen et al. (2005); Montési and Behn (2007); Standish et al. (2008); Zhou and Dick 
(2013). 
Dredge VAN7-78 at 16.64°E recovered plagioclase-bearing peridotites between 
two magmatic segments on a small nontransform offset.  These samples have plagioclase 
present, high TiO2 (up to 0.53 wt%) and Na2O (up to 1.57 wt%) along with often super-
chondritic LREE/HREE ratios in clinopyroxene, and spinels with high TiO2 (up to 0.46 
wt%) and have been interpreted as re-fertilized peridotites (Mallick et al., 2014; Mallick 
et al., 2015).  We analyzed one harzburgite and three lherzolites from this dredge.  
Clinopyroxene serperates were analyzed for trace elements concentrations and Sr, Nd 
isotopes by Mallick et al. (2014). 
Dredge VAN7-85 at 15.23°E are spinel peridotites that were recovered from a 
~70 km long oblique amagmatic segment.  Clinopyroxenes from these peridotite have 
low TiO2 (≤0.24 wt%) and Na2O (≤0.52 wt%), sub-chondritic LREE/HREE ratios and 
spinels with low TiO2 (≤0.11 wt%) suggesting minimal interactions with infiltrating melt 
and are interpreted as nearly pure melt residues of ~8% melt depletion from a DMM 
source (Mallick et al., 2014).  We analyzed five lherzolites from this dredge.  
Clinopyroxene serperates were analyzed for trace elements concentrations and Sr, Nd, Hf 
isotopes by Mallick et al. (2014); Mallick et al. (2015).  
Dredge VAN7-96 is located at 9.98°E on the eastern inside-corner high of the 195 
km offset Shaka Fracture Zone.  This dredge typically recovered lherzolites with 
 
 69 
atypically abundant websterite veins.  These periditotites are chemically similar to those 
recovered from dredge VAN7-78 with cpx having high TiO2 (up to 0.53 wt%) and Na2O 
(up to 1.57 wt%) along with often super-chondritic LREE/HREE ratios in clinopyroxene, 
and spinel with high TiO2 (up to 0.46 wt%) and have been interpreted as re-fertilized 
peridotites (Warren et al., 2009; Mallick et al., 2014; Mallick et al., 2015).  We analyzed 
one lherzolite from this dredge.  Clinopyroxene serperates were analyzed for trace 
elements concentrations and Sr, Nd, Hf isotopes by  Mallick et al. (2014); Mallick et al. 
(2015) 
2.2.2. Mid-Cayman Rise 
The Mid-Cayman Rise (MCR) is an ~110 km long ultraslow-spreading center (20 
mm/yr full spreading rate) with a valley floor 1-2 km deeper than most spreading centers 
bounded by steep fault scarps exposing a variety of rocks including gabbro and peridotite 
(Macdonald and Holcombe, 1978; Thompson et al., 1980; White et al., 2001).  We 
analyzed one plagioclase harzburgite (OCE-23-14-2) from the eastern wall of the rift 
valley floor located near the segment center (Dick et al., 1984).  Based on petrography 
and somewhat elevated LREE/HREE this sample was interpreted as a melt impregnated 
peridotite (Mallick et al., 2014). 
2.2.3. Mid-Atlantic Ridge 
We analyzed one spinel harzburgite (AII-60-9-74) from the middle of the ~100 
km long 22°S Fracture Zone from the Mid-Atlantic Ridge. Clinopyroxene from this 
sample show a LREE depleted pattern with overall lower abundance of MREE and 
HREE compared to SWIR and MCR low TiO2 in spinel (0.06 wt.%; Mallick et al., 2014).  
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2.3 Analytical methods 
All chemical separations and mass spectrometry where performed in the Center 
for Elemental Mass Spectrometry, Department of Earth and Ocean Sciences, University 
of South Carolina.  All chemical separations took place in a metal-free HEPA filtered air 
clean lab.  All digestions and dry downs where performed in custom-made Teflon 
covered hotplates with double-HEPA filtered forced air.  
2.3.1 Reagents and Materials 
HCl, HF, HNO3 acids were purified in-house with custom made sub-boiling PFA 
stills  (HF and HNO3) and a quartz double-still (HCl) from reagent grade acids.  Dilutions 
were performed using 18 MΩ purified H2O from a Millipore Super-Q system. Diethyl 
ether (ACS grade) and Optima® grade NH4OH were obtained from Fisher Scientific.  
Boric acid (Puratronic® 99.9995%), ascorbic acid (ACS grade 99%+), and citric acid 
(99.5%+) were obtained as powders from Alfa Aesar and where dissolved with 18 MΩ 
water in precleaned Teflon bottles. 
Sample digestions were performed in 60 ml PFA jars.  These jars and all other 
PFA vials were thoroughly cleaned using a multi-step procedure: fluxing closed with a 
mixture of 1:1 50%HCl (v/v) : 50%HNO3 (v/v) at ~100°C for ~12-24 hours, followed by 
a 3:1 concentrated HCl:HNO3 bath (24 h) and then in hot 50%HNO3 v/v bath (24 hours 
minimum), rinsing several times with 18 MΩ water between each step.  Before use, the 
jars were fluxed closed with a sub-boiled distilled 3:1 HF: HNO3 mixture overnight, 
identical to that used for sample dissolution.  This last step was found to be critical for 
reproducible low Hf blanks.  Columns used for the chemical separation were custom-
made from PFA parts or shrinkable teflon with porous polyethylene frits. All centrifuge 
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tubes, pipette tips and LDPE bottles were cleaned by soaking in a 50% HNO3 v/v bath at 
room temperature overnight and thoroughly rinsing with the 18 MΩ water.  pH was 
determined with a ROSS micropH electrode, calibrated daily with stock 4, 7 and 10 pH 
solutions.    
2.3.2 Previous methods, motivation, and method overview 
There are numerous published protocols for Hf and Nd separation.  The digestion 
methods are based either on hydrofluoric acid or flux fusion (Patchett and Tatsumoto, 
1980; Salters, 1994; Blichert-Toft and Albarede, 1997; Münker et al., 2001; Bizzarro et 
al., 2003; Connelly et al., 2006; Pourmand and Dauphas, 2010).  The flux fusion 
technique allows for rapid and complete sample dissolution.  However, the flux fusion 
blanks are highly dependent on obtaining low-blank fluxing agents that are not always 
available or are complicated to produce (Pourmand and Dauphas, 2010).  To our 
knowledge this technique has not been demonstrated for large (>1 gr) samples.   
For the HF-assisted digestions (e.g. HF:HNO3, HF:HClO4 or similar mixtures) 
very clean acids can be obtained by repeated distillation, which allows better control of 
the blank, and this is the method we used here.  In HF-assisted digestions the resulting 
insoluble Ca-Mg-fluoride digest is typically either leached with repeated amounts of HF 
to complex and preconcentrate Hf in the supernate solution (Salters, 1994; Blichert-Toft 
and Albarede, 1997), or the fluorides are repeatedly attacked with combinations of HCl, 
HNO3 or HClO4 to dissolve the fluoride digest and complex Hf with chlorides (Scherer et 
al., 1997; Münker et al., 2001).  However, Hf yields are increasingly low for samples 
with high Ca and Mg concentrations or where large amounts of sample are needed, due to 
the apparent scavenging of Hf from the precipitating insoluble Ca, Mg fluorides (Salters, 
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1994; Blichert-Toft, 2001; Bizimis et al., 2003).  As typical upper mantle peridotites have 
MgO > 38 %wt (Niu, 2004; Canil et al., 2006) this makes them highly prone to formation 
of significant amounts of insoluble fluorides.  Our preliminary digestion tests on >500mg 
peridotite and orthopyroxene concentrates with the often used HF:HNO3 (3:1) acid 
mixture resulted in very low and inconsistent Hf and Nd (as well as other REE) yields.  
Repeated dry downs with HCl or HNO3 mixtures improve the yields, but not consistently.  
Ironically, the poor yields affect proportionally more the most Hf and Nd depleted 
samples, exactly where yields need to be highest for successful analyses.  Below we 
present a modification of the HF:HNO3 acid digestion method that improves Hf, Nd 
yields from bulk peridotite digestion.  Briefly it includes the use of orthoboric acid to 
minimize formation of the insoluble fluorides (Koornneef et al., 2010), Fe- Al hydroxide 
precipitation to scavenge REE and HFSE from solution (Sharma and Wasserburg, 1996; 
Stichel et al., 2012), and HCl-diethyl ether liquid – liquid exchange to remove Fe from 
solution (Stichel et al., 2012).  The method was first optimized for Hf and Nd, and 
subsequently applied to a combined Pb, Hf, Sr, Nd separation method as Pb and Sr are 
also preconcentrated with this technique.  A schematic flow chart of the separation is 
shown in figure 2.1 and details are presented below. 
2.3.2.1 Sample dissolution 
Rock powders were prepared in an agate ball mill or by hand in a Al-ceramic 
mortar and pestle, from previously cut rock billets that were polished with Al-oxide 
abrasive papers to remove possible surface contamination and saw marks.  1-2gr of 
peridotite powder was initially reacted with 15 ml 6N HCl overnight at ~100°C. The 
supernate was removed with a pipette and kept in a separate PFA beaker.  Using Mg and 
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Ni concentrations in the supernate we estimate that 20-30% of the bulk rock was 
dissolved during this HCl step, dominantly olivine or serpentine after olivine.  This 
process is advantageous because it effectively dissolves a large part of sample in a 
fluoride – free form and removes a significant part of Mg, as well it seemed to enhance 
subsequent dissolution of the remaining material.  The residue was then digested with 
10ml HF:HNO3 (3:1), capped, at 100°C for 3-4 days.  The samples are then dried slowly 
at 80°C as this slow dry-down seemed to minimize the formation of insoluble fluorides.  
Once dry, the previously removed part of the digest in 6N HCl was added back to the 
primary digestion beaker together with 8ml 0.9M H3BO3 in 10N HCl.  The jar was then 
closed, heated at 80°C for 3h, opened and dried down at 80°C.  Boron strongly 
complexes F- and volatilizes, thereby preventing the formation of insoluble fluorides.  
Once dry, 10ml of 7N HNO3 was added to the jar, closed, and returned to the hotplate for 
about an hour and then dried at 80°C until incipient dryness.  
2.3.2.2 Al, Fe-precipitation for REE, HFSE preconcentration 
Iron and Al have extremely low solubilities around neutral pH, while Mg and Ca 
remain soluble.  Rare earth elements (REE) and high field strength elements (HFSE) as 
well as other elements are highly reactive and co-precipitate with Fe and Al-hydroxides 
(Gammons et al., 2005; Quinn et al., 2006; Quinn et al., 2007).  We use this principle to 
quantitatively remove the REE and HFSE on Fe and Al-hydroxides that precipitate from 
the bulk rock solution while leaving the bulk of Mg, Ca, and Ni in solution (Sharma and 
Wasserburg, 1996; Stichel et al., 2012).  
The digested rock is redissolved in 100ml of 0.5N HNO3 (we did not further 
investigate the effects of different dilution factors on the precipitation).  Ammonia 
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hydroxide (NH4OH; pH~13) was added to the bulk rock solution in a stepwise fashion 
until a pH of ~7-7.8 (roughly ~2 ml of NH4OH).  An initial Al-, Fe-rich precipitant forms 
at pH~2-3, depending on the concentration of these elements in solution.  After this point, 
pH changes rapidly, and care should be taken not to overshoot the pH to >8.5 or Mg 
begins to precipitate (in that case, few drops of HNO3 can be added to reduce the pH, 
redissolve Mg and continue with the addition of NH4OH to pH~7).  
Repeated tests with different peridotite samples and multi element solutions 
showed that at pH ~ 4 nearly 100% of Al and ~40-60% of Fe are removed from the bulk 
rock solution as orange-brown precipitates.  At this pH, the REE are also quantitatively 
(>98%) removed with the Al -Fe precipitant, but curiously only 10-15% of Hf and Zr.  
The remaining Hf and Zr are removed when the remaining Fe fraction precipitates by 
pH~7.  The different reactivity of Hf, Zr from REE does not appear to be related to 
selective complexation of these elements with residual fluoride ligands, as tests with F-
free elemental solutions showed the same behavior.  The different behavior of REE vs. 
HFSE is likely related to the relative speciation of these elements in the 0.5N HNO3 
solution as a function of pH, but the detailed speciation analyses or the mechanism of 
adsorption on the Al, Fe precipitant were not further explored.  Lead removal from 
solution closely follows that of Fe.  In contrast, Mg, Ca, Mn, Co, Ni, Rb quantitatively 
and ~50% of Sr remain in the supernate at pH ~ 7-7.5.   
If only REE are of interest, pH ~ 4 is adequate to quantitatively scavenge REE on 
Al-Fe hydroxides, but to quantitatively scavenge Hf, a pH of 7 must be reached, at least 
in rock solutions with high Al and Fe contents.  It is also possible to separate both a low 
pH (~4), Nd (REE)-rich precipitant and a higher pH (~7) a Hf, Zr-rich precipitant, but 
 
 75 
with lower Hf and Zr yields (70-80%), which may be advantageous in cases where 
enough Hf for an isotope analyses can be collected thereby simplifying the subsequent 
chemistry with separate Nd and Hf – rich aliquots.  
Once pH 7-7.5 was achieved, the solution was centrifuged to isolate the Al-Fe 
hydroxides from the supernate.  The Al-Fe oxides are rinsed with 18MOhm water 
buffered with NH3OH at pH~7 to remove residual Mg, Ca, Ni that were accumulated 
with the Al-Fe residue, and centrifuged again. At this point, the Fe-Al precipitant 
effectively contains only ~10 wt% of the initial digested major cation load with ~ 100% 
recovery of REE and HFSE, i.e. a reduction of sample size by 90% without column 
chemistry.   
2.3.2.3 Fe removal by solvent extraction 
Our tests showed that the relatively large quantities of Fe recovered from the 
precipitation after dissolving 1 -2 gr peridotite or orthopyroxene (in the range of 80-160 
mg Fe) make subsequent chromatographic separations unpredictable.  This was both due 
to the formation of gel-like substances on cation resin columns in 2.5 N HCl, or the need 
to add large amounts of ascorbic acid to reduce all Fe+3 to Fe2+ as the former outcompetes 
Hf and REE in the Ln resin (Pin and Zalduegui, 1997; Münker et al., 2001).    We 
therefore removed Fe from the matrix by solvent extraction in di-ethyl ether (Diamond 
and Tuck, 1960; Stichel et al., 2012).  In an HCl media and at less than 8N HCl, Fe (as 
well as Tl, Au, Sn and Mo in our experiments) is extracted to the diethyl ether while 
REE, HFSE and other metals remain quantitatively in the acid. The Al-Fe precipitant is 
dissolved in 10ml 6N HCl and 10ml of purified diethyl ether is added to the sample using 
a separatory funnel (diethyl ether was previously cleaned by exchanging it with 6N HCl 
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and then with 0.25 N HCl).  The rock acid – ether solution is mixed gently by pumping 
the mixed solution with a pipette. After the solution settles the ether is removed from the 
top of the acid – ether mixture with a pipette.  Our tests showed that >90% of the Fe is 
removed from the acid to the ether in the first exchange. We typically exchanged the 
ether twice.   The remaining 6N HCl solution now contains ~100% of the bulk rock REE, 
HFSE and Al budgets but effectively < 5% of the original cation load, as the major 
cations Mg, Ca, Fe, Ni, Si have been removed.  From this point on, the sample can be 
processed with any different number of published separation protocols. 
2.3.3 Chromatographic column separations 
Following ether exchange the solution is dried down with concentrated HBr to 
complex Pb, and processed in Teflon micro-columns (~100ul) filled with anion resin 
using HBr and HNO3 acids (Manhès et al., 1984; Lugmair and Galer, 1992; Abouchami 
et al., 1999).  The bulk of the sample containing Hf, Nd and Sr is eluted from the column 
and the Pb cut is processed once more for purification.  Note that this step is used only 
when a Pb cut is needed, otherwise the separation can begin in the next step. 
The Hf, Nd, Sr cut from the Pb columns is loaded on PFA columns loaded with 4 
ml cation resin in ~0.5-1 ml 2.5N HCl /0.1 N HF acid.  Hafnium, Zr, Ti and most of the 
Al is eluted right away in 5 ml 2.5N HCl as the presence of F- prevents HFSE from 
complexing with the cation resin (Salters, 1994).  The remaining alkali metals are eluted 
with another 15ml 2.5N HCl, and a Sr-rich cut is collected in 8ml 2.5 N HCl.  The LREE-
rich cut is collected next in 10 ml 6N HCl.  The advantage of this separation is that it 
creates individual Hf, Sr, REE rich cuts that can be subsequently purified, while it further 
enhances the separation Hf from Yb and Lu, which cause isobaric interferences on 176Hf.   
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The Sr cut is further purified with the Sr-spec resin (Eichrom) in 125ul Teflon 
micro-columns, by loading in 3.5 N HNO3, eluting the impurities in 2 ml 3.5N HNO3, 
and collecting the purified Sr in 1.5 ml 0.001N HNO3.  Neodymium is purified using the 
Ln Resin (Eichrom; Pin and Zalduegui, 1997) in ~100ul micro-columns, using 0.2N HCl 
to remove the bulk of Ba, La, Ce, Pr and collect in ~0.5 ml 0.25N HCl. 
Hafnium is purified following the protocol of Münker et al., (2001), including 
removal of the bulk of Zr using 6N HCl / 0.06N HF, prior to collecting Hf in 6N 
HCL/0.2N HF.  Our tests showed that for small amounts of Hf (5ng or less), the purity of 
the Hf cut is important in getting precise and accurate 176Hf/177Hf isotope ratios by 
monitoring the stable ratios 178Hf/177Hf and 174Hf/177Hf ratios and ensuring that they are 
within the values of the standard.  
Digestion, ether exchange and column blanks for Hf were ~ 50 pg, less than 10 ng 
for Nd and 20-56 pg for Pb.  We could not determine the Fe precipitation part of the 
blank, as there was no Fe to precipitate.   
2.3.4 Mass spectrometry 
All elemental concentrations were determined on an ELEMENT 2 HR-ICPMS 
following established protocols in our lab (Sen et al., 2011; Frisby et al., 2016).  All 
isotope ratios were determined on a THERMO NEPTUNE MC-ICPMS, equipped with 
the PLUS upgrade, a high sensitivity option that uses a larger interface pump and a JET-
sampler and X-skimmer cone configuration.  Sample introduction was with an APEX-Q 
introduction system and a 100µl/minute PFA nebulizer  (~120-150µl/minute actual 
uptake).  Amplifier gain calibration was performed daily.  Baseline was determined by 
beam deflection.  Typical runs consisted of 35-40 8.3 second integrations. During the 
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course of this study the JMC-475 Hf standard was determined at 176H/177Hf = 0.282141 
±0.000012 for ~30ng runs (2 standard deviations: 2stdev, n= 23), using 179H/177Hf = 
0.7325 for fractionation correction.  The reproducibility for 3ng runs was worse but the 
ratio was within error the same (0.282131 ± 0.000034, 2stdev, n=5).  Typical sensitivity 
was ~1000V/ppm for Hf.  All data is reported relative to the JMC-475 value of 176H/177Hf 
= 0.282160.   
The LaJolla Nd standard was determined at 143Nd/144Nd = 0.511856 ±0.000007, 
(2stdev, n=19, ~25ng runs), using 146Nd/144Nd = 0.7219 for fractionation correction, and 
~1500V/ppm typical sensitivity.   The NBS 987 Sr standard was determined at 0.710307 
± 0.000007, (2stdev, n=11, ~20ng runs with 1500V/ppm typical signal) and the values 
are reported relative to 0.710250. Krypton interference on 86Sr was corrected online by 
the instrument software and no attempt was made to further correct it (Jackson and Hart, 
2006). 
2.4 Results 
2.4.1 PCC-1 peridotite 
Table 2.1 reports the Hf, Nd isotope compositions of the USGS reference material 
PCC-1, a variably serpentinized depleted peridotite with low Hf and Nd concentrations of 
~ 5 ppb and 25 ppb, respectively; (Eggins et al., 1997; Willbold and Jochum, 2005) and 
BIR-1, a relatively depleted Icelandic tholeiite with 0.56ppm Hf and 2.4 ppm Nd (Eggins 
et al., 1997; Willbold and Jochum, 2005).  The three PCC-1 determinations agree within 
error with average 176Hf/177Hf = 0.283389 ± 0.000017 and 143Nd/144Nd = 0.512234 ± 
0.000017.  To our knowledge these are the first reported Hf isotope ratios for PCC-1 
while the Nd isotope ratios agree with the previously published values obtained by TIMS 
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corrected to the same La Jolla value (143Nd/144Nd = 0.512229: Chu et al., 2009; 
0.512237±0.000018: Shibata and Yoshikawa, 2004).  Assuming an age of 160Ma for the 
Cedars Ultramafic unit where PCC-1 was sourced from (Blake et al., 2012), similar to 
other coastal range ophiolites (Shervais et al., 2005; Blake et al., 2012), this leads to 
eNd160Ma= -7.5, eHf160Ma = 10.  The Hf isotope composition of PCC-1 is consistent with 
derivation from the depleted upper mantle and within the calculated age of a Pacific 
MORB mantle source at ~160 Ma (Choi et al., 2008).  However, Nd is too unradiogenic 
for a given Hf, so that PCC-1 falls above the terrestrial array in Hf-Nd space and above 
the seawater array defined by Albarède et al. (1998) (Figure 2.2).  Clinopyroxenes from 
other Coastal range peridotites have relatively radiogenic Nd and Hf isotopes that plot 
close to the terrestrial array (Choi et al., 2008).  This decoupling of Hf from Nd isotopes 
between bulk rock PCC-1 and clinopyroxenes from similar peridotites in the Coastal 
range ophiolite may result from preferential addition of Nd from crustal fluids, or from 
seawater during serpentinization (Frisby et al., 2016).  Strontium isotopes for PCC-1 are 
highly radiogenic at 87Sr/86Sr= 0.711067±0.000005, unlike the seawater Sr isotope 
composition in late Jurassic at 87Sr/86Sr ~ 0.707, which implies instead interaction with 
crustal fluids.  We are unaware of other Sr isotope determinations of PCC-1. The BIR-1 
Hf and Nd isotope compositions acquired with this method fall within previously 
published values (Bizzarro et al., 2003; Le Fevre and Pin, 2005; Chu et al., 2009; 
Hoffmann et al., 2010; Fourny et al., 2016).   
2.4.2 Abyssal Peridotites 
Some of the abyssal peridotite samples were originally processed with the 
conventional HF:HNO3 digestion method followed by repeated HCl dry downs.   Some 
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of those analyses yielded successful Hf-Nd isotope determinations and that data is 
reported along with the data generated with our new method.  In every case, the new 
method resulted in higher yields and higher signal intensities during the isotope ratio 
analyses than the conventional method.  Some of the samples were first leached with 6N 
HCl for two hours to remove easily leached seawater alteration, and the residues were 
also analyzed for Hf-Nd isotopes to track the affect of seawater alteration on the Hf-Nd 
systematics.  Table 2.1 reports all available Hf, Nd isotope data for these samples, 
including previously published clinopyroxene Hf, Nd data (for Sr and Nd: from Mallick 
et al, 2014; for Hf: from Mallick et al, 2015) and bulk rock Nd, Sr data (from Frisby et al, 
2016) for completeness and meaningful comparison.  
2.4.2.1 Peridotite trace element systematics 
The trace element systematics of the analyzed abyssal peridotites are compared 
with the abyssal peridotite compilation of Niu (2004) and depleted MORB source mantle 
(DMM:  Salters and Stracke, 2004; Workman and Hart, 2005).  The samples overlap with 
the global abyssal peridotite compilation with positive Sr, Pb and U spikes and lower 
HREE than DMM (Figure 2.3).  Samples that are strongly LREE depleted (all VAN7-85 
peridotites and OCE23-14-2) also show a strong negative Ce anomaly with enrichments 
in La and Pr over Ce.   The bulk rock Hf concentrations range from 0.017 to 0.1 ppm.  
The peridotites with the highest Hf concentrations (VAN7-96-29, VAN7-76-36H) have 
flatter bulk rock REE systematics and have been interpreted previously as melt 
impregnated (Mallick et al. 2014), while the samples with lowest Hf concentrations are 
the LREE depleted.    
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2.4.2.2 Hf-Nd isotope systematics 
We see no significant difference in the Hf-Nd isotope systematics between the 
conventional bulk rock digestion (whenever that was possible) and our new method 
(Table 2.1) with the Hf and Nd isotope data being identical within error.  For the rest of 
the discussion we use the bulk rock Hf, Nd isotope data of from the new digestion 
method, as those signals during mass spectrometry were always higher and presumably 
more accurate.   
The bulk rock εHf isotopes are within 1-1.5 εHf units identical to that of their 
clinopyroxene (Table 2.1), while the bulk rock εNd values are often lower than the 
clinopyroxene by up to 8 εNd units. As a result, on a εHf vs. εNd plot (Figure 2.2) some of 
the analyzed bulk abyssal peridotite compositions show a characteristic near-horizontal 
offset towards lower 143Nd/144Nd relative to their clinopyroxene.  Importantly, the largest 
shift in Nd isotopes is seen in the rocks with the most radiogenic Hf isotopes (dredge 
VAN7-85- samples), which are also the most trace element depleted (Figure 2.3).  The 
leached residues of the analyzed peridotites for the most part either overlap their bulk 
rock isotope value (e.g. VAN7-85-44, VAN7-96-29) or are shifted towards more 
radiogenic Nd, towards the clinopyroxene values, with essentially no change in their Hf 
isotopes (Figure 2.4).  
Bulk peridotite samples VAN7-85-47 and VAN7-85-39 show a correlated shift 
towards less radiogenic Hf and Nd isotopes than their cpx, while sample VAN7-85-44 
has bulk rock Hf isotopes more radiogenic than cpx, yet in both cases the Hf isotope 
shifts are within 1.5 εHf units and just outside the overall analytical uncertainties of the 
pyroxenes and bulk rock (Figure 2.3).  It is difficult to assign too much significance in 
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these minor shifts in Hf isotopes, especially when they are dwarfed by the Nd isotope 
shifts in the most depleted samples.  The combined Hf-Nd bulk rock data of the SWIR 
peridotites confirms the conclusions of Mallick et al., (2015) in that peridotites from the 
15.23oE (VAN7-85 samples) have more radiogenic Hf isotopes than their local SWIR 
basalts, while peridotites from 9.98°E and 16.64°E have Hf isotopes than largely overlap 
their eruptive counterparts (Figure 2.2). The bulk rock Hf-Nd isotope composition for the 
AII-60-9-74 peridotite from the Kane FZ approximately overlaps the nearby basalt 
composition (Agranier et al., 2005), while the OCE23-14-2 sample from MCR has more 
radiogenic Hf and Nd isotopes than the collocated MCR basalts (Mallick et al., 2014), 
plotting close to the VAN7-85 dredge samples from SWIR, but still within the MORB 
field. 
2.4.2.2 87Sr/86Sr and εNd data 
The abyssal peridotite bulk rock 87Sr/86Sr and εNd are plotted on figure 2.5, along 
with their clinopyroxene compositions.  Clinopyroxenes have presumably retained their 
magmatic mantle signature and plot within the MORB field (Salters and Dick, 2002; 
Cipriani et al., 2004; Warren et al., 2009; Mallick et al., 2014). In contrast, the bulk rock 
87Sr/86Sr and εNd are variably shifted to higher and lower values, respectively, than the 
corresponding clinopyroxene.  The more depleted VAN7-85-, OCE23-14-2 samples 
show a shift in both 87Sr/86Sr and εNd compared to their clinopyroxene, with their bulk 
rock 87Sr/86Sr near identical to that of modern seawater (87Sr/86Sr = 0.70916), and εNd up 
to 8 units lower than clinopyroxene as discussed above.  The refertilized VAN7-78, 
VAN7-96-29 and AII-60-9-74 samples show a shift in 87Sr/86Sr towards seawater but not 
as extreme as the VAN7-85- samples, with little change in εNd.   
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2.5 Discussion  
The central observation in our study is that while bulk rock Nd and / or Sr are 
isotopically shifted to more enriched compositions in bulk rock serpentinized abyssal 
peridotites than their clinopyroxene, the Hf isotopes remain largely identical to their 
clinopyroxene.  In the following we explore in more detail the Hf-Nd isotope systematics 
between the bulk rock and clinopyroxene to assess the effects of melt metasomatism and 
serpentinization of the Hf-Nd isotope systematics of the analyzed bulk abyssal 
peridotites.   
2.5.1. Melt infiltration? 
In a detailed modeling assessment of REE and Hf distribution in melt-residual 
peridotites Stracke et al. (2011) showed that a larger percentage of the bulk rock Nd 
budget is residing in clinopyroxene than Hf, due to a higher partition coefficient of Hf in 
olivine and orthopyroxene than Nd (e.g. Salters et al., 2002).  For example, in a depleted 
peridotite with ~ 5% modal residual clinopyroxene, 70 to 80% of the bulk rock Nd is in 
the clinopyroxene vs. 60-70% for Hf (Stracke et al., 2011, their Figure 2).  This is 
consistent with the Hf concentrations measured in the olivine, orthopyroxene and 
clinopyroxene in some of the SWIR peridotites analyzed here (Frisby et al., 2016).  As 
the peridotites analyzed here retain unaltered clinopyroxene (Mallick et al., 2014; Mallick 
et al., 2015; Frisby et al., 2016), their corresponding bulk rock Hf budget may be more 
susceptible to alteration than Nd as there is proportionally less Hf over Nd bound in 
alteration resistant clinopyroxene. The lack of significant Hf isotope shift between bulk 
rock and clinopyroxene (Figure 2.3) shows that this is not the case and Hf appears more 
resilient to serpentinization than Nd.  
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All else being equal, the shift in Nd but not Hf isotopes in bulk rock over the 
clinopyroxene requires that the Nd/Hf ratio of the agent responsible for that shift is 
greater than the Nd/Hf ratio of the peridotite.  As Nd is more incompatible in mantle 
mineralogy than Hf, a mantle melt will typically have a higher Nd/Hf ratio than a melt-
residual peridotite, satisfying the above constrain.  Mixing of an enriched melt with 
relatively unradiogenic Hf and Nd isotopes with a depleted peridotite with radiogenic Hf 
and Nd isotopes will then generate concave down curves on a Hf vs. Nd isotope plot 
(e.g., Bizimis et al., 2004; Bizimis et al., 2005; Salters et al., 2006; Salters et al., 2011; 
Mallick et al., 2015).  If there was transient melt infiltration in these abyssal peridotites 
(perhaps as a late stage melt while they were being emplaced at the ridge) and that melt 
did not equilibrate with the clinopyroxene (e.g. Niu, 2004), then the bulk peridotite Hf-
Nd isotope composition should lie on a mixing line between the isotopic composition of 
the clinopyroxene and that of the infiltrating melt.  We examine this model for the most 
depleted VAN7-85 samples, as those show the largest shift in Nd isotopes.  Mallick et al. 
(2015) suggested that the VAN7-85 dredge peridotites with the most radiogenic Hf and 
Nd isotopes in their clinopyroxene likely represent the local depleted mantle endmember 
in this SWIR segment, consistent with their LREE depleted trace element patterns (Fig. 
2.3).  Mixing calculations between the average VAN7-85 depleted peridotite and the 
most isotopically and trace element enriched melts found locally at the “Narrowgate” 
segment (e.g. Standish et al., 2008; Mallick et al., 2015) will generate concave-down 
curves (Figure  2.2; see Table 2.2 for modeling parameters).  Because of the highly 
enriched nature of the melt, the isotope composition of the bulk peridotite becomes 
extremely sensitive to very small melt additions.  For example, 0.1% melt addition results 
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in a shift of ~1.3 εHf and ~4 εNd units in the bulk peridotite compositions.  However, such 
a mixing model does not generate the near- horizontal shift in Nd isotopes seen in the 
VAN7-85 peridotites.  Simply put, the ratio of (Nd/Hf)melt/(Nd/Hf)peridotite (~5.6) is not 
high enough, and the isotopic difference between melt and peridotite is not large enough 
to generate the observed near – horizontal decoupling between clinopyroxene and bulk 
rock.  It can be also readily deduced from Figure 2.2 that mixing between this peridotite 
and any other SWIR basalt composition will generate even smaller decoupling in the Hf-
Nd systematics of the metasomatized peridotite.  We surmise that while melt addition 
could explain part of the shift in Nd isotopes, it cannot explain all of it, not without also 
significantly changing the Hf isotopes. 
2.5.2. Mantle –seawater interaction 
The relatively radiogenic Sr isotope compositions of many abyssal peridotites 
(Figure 2.5) and the Sr isotopic difference between abyssal peridotite clinopyroxenes and 
bulk rock is typically attributed to seawater interaction (Snow et al., 1994; Boschi et al., 
2006; Harvey et al., 2006; Delacour et al., 2008; Harvey et al., 2014; Frisby et al., 2016).  
This is generally understood by the high Sr concentration in seawater compared to mantle 
peridotite and addition or exchange of seawater-derived Sr with the rock.  Some 
serpentinized peridotites also have Nd isotope compositions that approach that of 
seawater (Figure 2.5).  This shift in Nd isotopes has been previously used to calculated 
water / rock ratios during serpentinization (Delacour et al., 2008), particularly for the 
rocks where their bulk rock Sr isotopes are similar to seawater.  Such water / rock ratio 
calculations assume closed system interaction, where the bulk rock (fresh) peridotite and 
seawater Nd concentrations do not change, but rock and seawater exchange isotopically.  
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We apply this model to the bulk peridotite compositions reported here using the 
seawater-rock interaction equations described by Delacour et al., (2008).  The seawater 
Nd, Hf concentration and isotope composition is taken from deep waters in the southern 
ocean (Stichel et al., 2012) and the local peridotite mantle is taken as the average 
depleted VAN7-85 peridotite (see Table 2.2 endmember compositions).  In εHf-εNd space, 
the peridotite  - seawater interaction generates a highly concave-down curve, similar to 
that seen in Sr-Nd space (compare Figure 2.2 and Figure 2.5).  With increasing water / 
rock mass ratio there is a large shift in Nd isotopes for near constant Hf isotopes (e.g. 11 
εNd units for ~ 0.6 εHf units change, at a water / rock mass ratio of 10,000).  This large 
shift in the Nd isotopes is consistent with what is observed for the VAN7-85 
clinopyroxene – bulk rock pairs.  This shift is because the (Nd/Hf)seawater/(Nd/Hf)peridotite 
(~21), is large and because the Hf isotopic composition of seawater is more radiogenic 
than the terrestrial array at a given Nd isotope ratio (e.g. Albarède et al., 1998; Chauvel et 
al., 2008).  To a first order, these calculations demonstrate that the Hf isotope 
composition of a peridotite is more resistant to serpentinization and seawater interaction 
than the Nd isotopes. 
2.5.3 Nd vs. Hf percent seawater contribution and protolith dependence 
While the above calculations clearly illustrate the potential decoupling of Hf from 
Nd isotopes during serpentinization, it also assumes that the entire rock participates in the 
exchange with seawater.  The decoupling of Nd-Sr and Nd-Hf isotope pairs between bulk 
rock and clinopyroxene (Figure 2.3 and. 2.5) instead suggests that only part of the rock 
must participate in such exchange.  Frisby et al., (2016) showed that the shift in Nd 
isotopes between clinopyroxene and bulk rock in serpentinized peridotites (some of 
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which are discussed here) is the result of seawater- derived Nd addition to the rock, as 
opposed to exchange.  This addition appears largely restricted in the secondary alteration 
phases (serpentine, magnetite) while the clinopyroxene still records the original 
(magmatic) isotope and trace element composition of the rock.  We can approximate the 
amount of seawater-derived Nd added to the bulk peridotite relative to the magmatic Nd 
budget by assuming that the shift in Nd isotopes is due to Nd addition from seawater, and 
that other processes, like melt infiltration, were insignificant.  This seawater-derived Nd, 
or %NdSW is calculated by mass balance as:  
%NdSW = (143Nd/144NdBR - 143Nd/144NdCpx)/(143Nd/144NdSW - 143Nd/144NdCpx)      
where 143Nd/144NdBR  is the measured bulk rock 143Nd/144Nd, 143Nd/144NdCpx is the 
clinopyroxene composition and 143Nd/144NdSW  is the Nd isotope composition of seawater 
(data from Table 2.1 and Table 2.2).   The calculated %NdSW ranges from ~ 1% to 34% 
(Table 2.3) in these peridotites.  If Nd and Hf are removed from seawater and in to the 
rock at a similar proportion to their seawater abundance, then we can use the %NdSW to 
calculate %HfSW, or the relative amount of seawater-derived Hf added to the rock.  Based 
on this reasoning we find that the largest %HfSW is 1.9% in the analyzed samples (Table 
2.3).  This value is largely within error of typical ICPMS concentration analyses, 
especially at these low concentrations.  While these numbers depend somewhat on the 
choice of the seawater endmember they nevertheless show that Hf addition to the 
peridotite during seawater alteration and serpentinization will be much smaller than that 
of Nd.  This calculation is independent of the Hf isotope measurements and provides 
additional support to our inferences from the Hf isotopes above that during peridotite - 
seawater interaction Hf isotopes are more resistant to alteration than Nd. 
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The above conclusions demonstrate that bulk peridotite Hf concentrations are 
insensitive to serpentinization and can be used as a reliable tracer of the magmatic 
composition of serpentinites.  We take advantage of this to further investigate the extent 
of Nd addition on these peridotites during serpentinization.  Figure 2.6 plots %NdSW 
against 1/Hf of the peridotites.  The peridotites with the greatest %NdSW are the most 
depleted samples (highest 1/Hf; Figure 2.6A).  Therefore, the most depleted peridotites 
are more likely to have their bulk rock Nd budget significantly affected by 
serpentinization than the more enriched ones.  
The extent of Nd addition from seawater is also reflected on the U/Th systematics 
of these peridotites. The peridotites with the highest %NdSW also have the highest U/Th 
ratios (Figure 2.6B).  The ubiquitous U enrichment in serpentinized peridotites is 
attributed to U addition from seawater (e.g. Deschamps et al., 2011; Kodolányi et al., 
2012; Deschamps et al., 2013), and the correlation between U and %NdSW provides an 
independent constrain that Nd has indeed been added to these rocks by seawater.  
Finally, the %NdSW can be converted to water / rock ratio if we assume that the 
added amount of Nd is the result of quantitative removal of Nd from seawater during 
rock – fluid reaction, which is a reasonable assumption as REE are highly particle 
reactive (e.g., Frisby et al., 2016 and discussion therein).  The %NdSW is converted to 
amount of added Nd per gram of rock, which is then converted to mass of water using the 
seawater Nd concentration in Table 2.2.  The resultant water / rock mass ratios range 
from ~130 to ~6000.  These water / rock ratios do not correlate either with depletion (e.g. 
Hf concentrations) or seawater interaction (U/Th of %Ndsw).  This is not unreasonable as 
the extent of serpentinization and water / rock ratio should vary independently to the type 
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and fertility of the protolith and is likely the product of local faulting or other tectonics at 
the ridge. 
2.5.4. Implications on the Hf-Nd isotope systematics in the mantle  
The Hf-Nd isotope systematics of mantle peridotites provide important constraints 
on the composition and chemical heterogeneity of the mantle and the time –integrated 
fractionation processes that takes place during melting and post-melting metasomatism 
(Salters and Zindler, 1995; Blichert-Toft et al., 2000; Bizimis et al., 2004; Ionov et al., 
2005; Bizimis et al., 2007; Stracke et al., 2011; Mallick et al., 2015; Warren, 2016).  As 
Hf is resistant to serpentinization, bulk rock Hf isotopes of peridotites can also be used to 
infer mantle processes, as do the clinopyroxenes.  In case of serpentinized rocks, bulk 
rock Hf isotopes will be more robust proxies of the protolith than Nd.  Using again the 
depleted VAN7-85 samples as an example, their bulk rock Nd isotopes overlap their local 
basalts, but the Hf isotopes are more radiogenic than the later.  If the Nd and Hf isotope 
compositions were considered separate from each other, the peridotite-basalt comparison 
would result in two completely different conclusions as to the relationship of peridotite to 
their host basalt.  In all, our data confirms that abyssal peridotites and oceanic mantle 
xenoliths, on average, overlap or extend towards more radiogenic Hf and/or Nd 
compositions than their proximal lavas (Salters and Dick, 2002; Bizimis et al., 2004; 
Cipriani et al., 2004; Bizimis et al., 2007; Warren et al., 2009; Stracke et al., 2011; Byerly 
and Lassiter, 2014; Mallick et al., 2015), implying the presence of additional (and 
presumably more fertile) components in the mantle source of magmas.   
We showed above that Hf concentrations in these peridotites are little changed by 
the serpentinization processes compared to Nd (Table 2.3). We use the same arguments 
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above to calculate the effect of serpentinization on the Sm and Lu bulk peridotite 
concentrations, assuming again that the shift in Nd isotopes between clinopyroxene and 
bulk rock is due to addition of Nd from seawater.  These calculations (Table 2.3) show 
that for a 1 to 34% change in the Nd bulk budget due to serpentinization, the bulk rock 
Sm budget will change by 1 to 6%, while Lu mimics Hf with up to 1.9% change.  These 
data imply that seawater interaction will decrease the Sm/Nd ratio of the bulk peridotite 
while Lu/Hf ratio will be largely unaffected.  If these lower Sm/Nd ratios of the 
serpentinized peridotite survive the subduction dehydration process and pass into the 
upper mantle, they can contribute to mantle heterogeneity by decreasing Sm/Nd relative 
to Lu/Hf ratio of the recycled lithosphere which will generate less radiogenic Nd isotopes 
for a given Hf isotopes over time (although this effect will be more pronounced in the 
most depleted samples with the largest change in their Sm/Nd ratio).   
Alternatively, the limited experimental data on serpentinite dehydration (Tatsumi 
et al., 1986; Kessel et al., 2005; Spandler et al., 2014; Kessel et al., 2015) shows that 
LREE may be preferentially mobilized to the fluid / melt over the HREE and HFSE.  It is 
then conceivable that upon dehdration of serpentinized peridotite during subduction, the 
excess seawater-derived Nd that is hosted within alteration phases (Frisby et al., 2016) 
might be preferentially released to the mantle wedge over along with other fluid mobile 
elements (e.g. As, Sb, B, Li, Cs, Pb, U, Ba, Sr) (Tatsumi et al., 1986; Kessel et al., 2005; 
Kessel et al., 2015; Cannat et al., 1995; Carlson, 2001; Mével, 2003; Scambelluri et al., 
2004; Savov et al., 2007, Cannat et al., 2010; Deschamps et al., 2011) thereby futher 
contributing to the Nd budget of arc lavas (the low Nd concentrations of peridotites 
notwithstanding).  Additional experiemental data on the coupled mobility of REE and 
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HFSE during dehydration of the oceanic lithosphere are needed to evaluate the above 
models. 
2.6 Conclusions 
We present a method for the efficient preconcentration of REE and HFSE out of  
>1gram of ultramafic rock material, using a combination of Fe-Al co-precipitation and 
ether exchange.  This method can be applied for the analyses of depleted samples such as 
harzburgites or lherzolites, where enough clinopyroxene may be difficult to separate or 
for analyzing orthopyroxenes, which are the second largest reservoir of Nd and Hf in 
peridotites.  Here we use this method to determine the bulk rock Hf and Nd isotope 
compositions of serpentinized abyssal peridotites as well as Nd and Hf isotope data for 
the USGS rock reference material PCC-1.   These data show that serpentinized abyssal 
peridotites have bulk rock Hf isotopes that are within error identical to those of the their 
clinopyroxene, while Nd and Sr isotopes are shifted towards more seawater-like isotope 
ratios.  These data show that the bulk rock Hf budget and Hf isotopes remain unaffected 
during serpentinization and record the magmatic high temperature value of the rock, 
while Nd appears to have been added to the peridotite during serpentinization.    
Therefore, Hf isotopes in bulk rock serpentinized peridotites can be used to trace the 
magmatic history of the rock more reliably than Nd isotopes, and Hf concentrations are 
now a demonstrated reliable tracer of the magmatic history of serpentinized peridotite.  
These data also demonstrate that the most trace element depleted peridotites are more 
susceptible to having their bulk rock Nd isotopes and Nd budget affected by 
serpentinization than the more fertile ones.  The demonstrated fractionation of the 
peridotite Sm/Nd and Lu/Hf ratios by serpentinization has implications for both being an 
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additional agent of heterogeneity in the mantle upon recycling and aging of the 
serpentinized lithosphere, or as an additional reservoir for fluxing Nd to the subarc 




Table 2.1: Hf, Nd and Sr isotopes of analyzed peridotites 
 
Sample   Latitude (degree) 
Longitude 
(degree) Lithology 
87Sr/86Sr 2σ 143Nd/144Nd 2σ 176Hf/177Hf 2σ εNd εHf 
BIR-1        0.513113 0.000008 0.283278 0.000005 9.27 17.43 
BIR-1         0.283278 0.000007  17.43 
PCC-1        0.512234 0.000022   -7.88  
PCC-1       0.512219 0.000018 0.283401 0.000018 -8.17 21.78 
PCC-1     0.711067 0.000006 0.512245 0.000006 0.283377 0.000014 -7.67 20.92 
VAN7-78-36H CPX@ 52.38S 16.64E Pl Hz 0.702858 0.000019 0.513044 0.000019 nd  7.92  
 Bulk
§     0.708543 0.000005 0.513010 0.000005 0.283114 0.000009 7.26 11.6 
 Leached Bulk*    0.705788 0.000020 0.513048 0.000003 0.283115 0.000008 8.00 11.7 
VAN7-78-39 CPX@ 52.38S 16.64E Pl Lz 0.702992 0.000007 0.513031 0.000009 0.283082 0.000008 7.67 10.5 
 Bulk
§     0.707067 0.000007 0.512989 0.000004 0.283060 0.000003 6.85 9.7 
 Leached Bulk*
§    0.706889 0.000006 0.512968 0.000005 0.283047 0.000007 6.43 9.3 
VAN7-78-41 CPX@ 52.38S 16.64E Pl Hz 0.702800 0.000007 0.513046 0.000009 0.283035 0.000025 7.96 8.8 
 Bulk*
§     0.708411 0.000007 0.512918 0.000004 0.283066 0.000006 5.46 9.9 
 Leached Bulk
§    0.707895 0.000008 0.512923 0.000021 0.283056 0.000006 5.56 9.6 
VAN7-85-30  CPX@ 52.25S 15.4E Lz 0.704899 0.000049 0.513321 0.000092 0.283281 0.000010 13.32 17.5 
 Bulk
§     0.708913 0.000005 0.513049 0.000024 0.283310 0.000012 8.02 18.6 
 Leached Bulk*
§    nd  0.512916 0.000004 0.283304 0.000010 5.42 18.4 
VAN7-85-42 CPX@ 52.25S 15.4E LZ 0.702440 0.000170 0.513319 0.000014 0.283284 0.000013 13.28 17.6 
 Bulk*
§     0.709175 0.000008 0.513164 0.000009 0.283269 0.000020 10.26 17.1 
 Leached Bulk*
§    0.709463 0.000008 0.513181 0.000006 0.283283 0.000010 10.59 17.6 
VAN7-85-43 CPX@ 52.25S 15.4E Lz 0.702902 0.000147 0.513320 0.000021 0.283314 0.000014 13.30 18.7 
 Bulk*
§     0.709143 0.000008 0.512930 0.000014 0.283272 0.000010 5.70 17.2 
 Leached Bulk*
§    0.709044 0.000010 0.513127 0.000069 0.283309 0.000011 9.54 18.5 
VAN7-85-44 CPX@ 52.25S 15.4E Lz 0.702762 0.000015 0.513269 0.000009 0.283323 0.000011 12.31 19.0 
 Bulk    0.708864 0.000008 0.513146 0.000012 0.283360 0.000010 9.91 20.3 
 Leached Bulk*    nd  0.513153 0.000011 0.283361 0.000007 10.05 20.4 
VAN7-85-47 CPX@ 52.25S 15.4E LZ 0.702308 0.000013 0.513323 0.000003 0.283296 0.000014 13.36 18.1 
 Bulk
§     0.709199 0.000008 0.513163 0.000028 nd  10.24  
 Leached Bulk*
§    0.709568 0.000007 0.513208 0.000007 0.283259 0.000009 11.12 16.8 
VAN7-96-29 CPX@ 53.14S 9.98E Sp Lz 0.703041 0.000009 0.512921 0.000009 0.283169 0.000006 5.52 13.6 
 Bulk    0.705077 0.000008 0.512881 0.000008 nd  4.74  
 Bulk*    nd  0.512906 0.000006 0.283186 0.000012 5.23 14.2 
 Leached Bulk*    nd  0.512915 0.000004 0.283181 0.000003 5.40 14.0 




 Bulk    0.707825 0.000010 0.513122 0.000006 0.283109 0.000012 9.44 11.5 
 Bulk*      0.513157 0.000006 0.283130 0.000005 10.12 12.2 
OCE23 -14-2 CPX@ 18.21N 81.54W Pl Hz 0.703350  0.513132  nd  9.64  
  Bulk*    0.709098 0.000009 0.513261 0.000010 0.283259 0.000006 12.15 16.8 
@ Nd and Sr isotopes from Mallick et al. (2014) and Hf isotopes from Mallick et al. (2015).  nd: not determined 






Table 2.2: Seawater-Peridotite and  







87Sr/86Sr§ 0.702689  0.70916 143Nd/144Nd 0.5133 0.51279 0.51216 
176Hf/177Hf 0.2833 0.28300 0.28288 
Sr (ppm)§ 6.1  8.00 
Nd (ppb) 32 2570 0.0032 
Hf (ppb) 22 315 0.0001 
*Average concentration of the most depleted  
abyssal peridotite bulk rocks (VAN7-85)  
analyzed during this investigation. 
& From Mallick et al. (2015) 
§ From Delacour et al. (2008)  
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Table 2.3: Relative amount of Nd, Sm, Lu and Hf derived from seawater with 
corresponding W/R ratios. 
 
Sample %NdSW %SmSW %LuSW %HfSW W/R Closed System W/R Open System 
VAN7-78-36H 4.0 1.6 1.5 0.4 4461 4376 
VAN7-78-39 5.0 1.5 0.5 0.4 1951 1904 
VAN7-78-41 14.0 4.4 1.4 1.3 4590 4243 
VAN7-85-30  23.0 4.6 1.2 0.8 3905 3409 
VAN7-85-42 13.0 1.5 0.4 0.3 1167 1085 
VAN7-85-43 34.0 5.9 1.9 1.9 8234 6670 
VAN7-85-44 11.0 1.9 0.4 0.2 1230 1159 
VAN7-85-47 14.0 2.1 0.7 0.7 2261 2098 
VAN7-96-29 5.0 1.9 3.9 0.7 10879 10590 





Figure 2.1: Schematic diagram of the described analytical protocol, including digestion, 





Figure 2.2: εHf vs. εNd isotope plot of bulk rock abyssal peridotites (circles, this study) 
compared to their clinopyroxene (diamonds), local basalt and the MORB –OIB fields.  
Seawater array from Albarede et al., (1998) and terrestrial array from Chauvel et al. 
(2008).  Green dashed line shows closed system exchange between seawater and the 
depleted VAN7-85 peridotites (endmember data from Table 2).  Red dashed line shows 
melt addition of most trace elements and isotopically enriched local basalts from the 
Narrowgate segment to the depleted VAN7-85 peridotites (endmember data from Table 
2).  The seawater - peridotite mixing model produces a more strongly concave curve than 
the melt-peridotite mixing model with greater change in Nd isotopes for a given Hf 
isotopes at the initial stages of seawater or melt-peridotite reaction, and better fits the 




Figure 2.3:  Primitive mantle normalized bulk rock trace element systematics for the 
peridotites reported here (Appendix J), compared with abyssal peridotite data from the 
literature (Niu, 2004).   Our data largely overlaps the global literature data with 
characteristic positive U, Pb, and Sr anomalies and variable flat to depleted LREE / 




Figure 2.4:  εHf and εNd isotope diagram showing the composition of coexisting 
clinopyroxene (colored diamonds), leached bulk rock (colored squares) and bulk rock 
(colored circles).  Tie lines connect fractions of the same sample.  The most LREE 
depleted samples (VAN7-85) show little change in εHf while εNd shifts from mantle values 
(clinopyroxene) toward that of seawater.  LREE enriched samples (VAN7-78, VAN7-96-




Figure 2.5:  87Sr/86Sr and εNd values for primary clinopyroxene (colored diamonds) and 
bulk rock (colored circles) for the analyzed peridotites.  The clinopyroxenes falls within 
the MORB-OIB field while bulk rock falls closer to seawater, having more radiogenic Sr 
and less radiogenic Nd than the clinopyroxene.  The samples are compared to the 
MORB-OIB field and a rock-seawater interaction model using the equations given in 
Delacour et al. (2008), with peridotite and seawater endmember compositions from Table 
2.   The model assumes isotopic equilibrium between seawater and bulk rock and no 
change in their respective concentrations (i.e., simple element and isotope exchange).  
Tick marks along the lines show water/ rock mass ratios.  Other bulk rock peridotite date 
is from Roden et al. (1984); Brueckner et al. (1988); Snow et al. (1994); Snow and 
Reisberg (1995); Delacour et al. (2008) and clinopyroxene data Salters and Dick (2002); 




Figure 2.6:  A): Plot of %NdSW versus 1/Hf and, B) %NdSW versus U/Th.  As Hf is not 
affected by serpentinization, 1/Hf is a reliable proxy of depletion. U/Th is representative 
of added seawater due to the excess U found in seawater compared to that of Th.  Panel A 
shows a positive correlation between percent of added seawater-derived Nd and the most 
depleted of our analyzed samples (VAN7-85).  Panel B shows a positive correlation 
between seawater-derived Nd and high U/Th ratios.  These two figures provide evidence 
that the more depleted the sample the more susceptible it is to record Nd addition from 






RARE EARTH ELEMENT REMOVAL AND FRACTIONATION DURING WATER - 
MINERAL INTERACTIONS AT VARYING CONDITIONS 3 
 
3.0 Abstract 
Ultramafic-hosted hydrothermal vent systems link the hydrosphere with the 
Earth’s mantle via serpentinization of peridotites.  This chapter describes in detail a series 
of mixed (50% orthopyroxene / 50% clinopyroxene and 86% olivine / 13% 
clinopyroxene) and pure peridotite mineral (olivine, orthopyroxene and clinopyroxene) 
experiments performed at high-temperatures (300°C and 400°C) / 500bar, 170°C / 8bar 
with isotopically enriched synthetic seawater (ISW), and with pure olivine at low 
temperatures (<100°C) conditions with elementally enriched seawater (ESW).  The 
objective of this work is to explore isotopic exchange and the fractionation and mobility 
of trace elements during seawater-peridotite interaction as a function of both temperature 
and mineral grain size (geometric surface area; GSA).  Experimental data shows a strong 
decoupling of REE (Nd, Sm, Gd, Dy, and Yb) from Sr and Ba under all experimental 
conditions, with Sr and Ba remaining quantitatively in solution.  The experimental data
                                                




from the 300°C and 400°C / 500bar, and 170°C / 8bar experiments show exchange of 
REE isotopes during reaction between rock and fluid despite the near quantitative REE
removal from the fluid.  This suggests coupled mineral dissolution and REE removal.  
The <100°C experiments show that REE are removed quantitatively from the solution 
and adsorbed to the olivine surface with kinetic rate constants (i.e. adsorption over time) 
that increase with increasing temperature and increasing surface area (i.e. decreasing 
particle size).  Importantly, Dy and Yb (heavy REE; HREE) are removed from solution 
faster than Nd and Sm (light REE; LREE).  Curiously, gadolinium has a slower kinetic 
rate constant than that of Sm.  To constrain the mechanisms of REE removal we 
determine the REE activation energies (EaREE) of adsorption to the olivine.  We observe 
higher Ea for LREE than HREE, which correlate well with the summed REE 1st, 2nd and 
3rd ionization energies suggesting a link between REE adsorption and electron 
configuration of the 4f-orbitals.  Gd has higher Ea than the other analyzed REE, which we 
attribute to the more energetically favorable electron configuration of Gd3+ where all 4f-
orbitals are filled with one electron each.  The high EaGd also explains the anomalously 
lower kinetic rate constant (Kd) for Gd compared to REE with adjacent ionic radii (Sm 
and Dy).  The anomalously low KdGd and greater adsorption of HREE from the LREE is 
not consistent with the precipitation of carbonate or Fe-oxyhydroxide colloids.  This 
experimental data suggests that REE are reactive and adsorbed on the surface of 
peridotite minerals under a range of temperature that represent hydrothermal conditions, 
even at low temperatures when alteration processes are limited or extremely slow and 
difficult to detect.  These data contrast previous experimental data, where REE mobility 
out of peridotite was noted under similar hydrothermal conditions (Allen and Seyfried, 
 
 105 
2005).  The discrepancy appears to be the result of the serpentinized starting material 
used in that study, as opposed to fresh peridotite minerals used here.  Preferential addition 
of REE over Sr to peridotite mineral grain boundaries from seawater can influence the 
bulk rock peridotite Nd isotope composition over Sr isotopes, which lead to artificially 
higher determined water / rock mass ratios during serpentinization.  The increase 
adsorption of REE is consistent with the uptake of REE noted in abyssal peridotites and 
the data on the natural samples presented in chapters 1 and 2.3. 
3.1 Introduction 
Water is critical in the transport of nutrients and elements from the continents to 
the ocean.  In oceanic basins, at subduction zones, axial, off-axis and rift systems 
seawater reacts with the peridotitic portion of the oceanic lithosphere forming a direct 
link between the hydrosphere and the Earth’s mantle.  Hydrothermal circulation of 
seawater in peridotite-bearing oceanic crust results in a significant elemental exchange 
between seawater and peridotite and the formation of reducing hydrothermal fluids 
enriched in dissolved volatiles (e.g. H2, CH4) and with a chemical composition 
distinctively different from basalt-hosted hydrothermal systems (Bach et al., 2004; Allen 
and Seyfried, 2005; Delacour et al., 2008; Foustoukos et al., 2008; Alt et al., 2013; Evans 
et al., 2013).  In general, peridotite alteration at elevated temperatures (>180°C) results in 
alteration of primary silicate minerals (e.g. olivine, clinopyroxene, and orthopyroxene) to 
secondary (or alteration) minerals (e.g. serpentine, brucite, and magnetite (Janecky and 
Seyfried, 1986; Kadko et al., 1994; Snow and Dick, 1995; Paulick et al., 2006; Seyfried 
et al., 2007; Foustoukos et al., 2008).  High temperature basalt- and peridotite-hosted 
hydrothermal systems at oceanic spreading centers are thought to account for only 25-
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30% of the total magmatic heat flow from the cooling lithosphere (Rosenberg et al., 
1993; Mottl and Wheat, 1994; Alt, 2003; Johnson and Pruis, 2003; Bach and Früh-Green, 
2010).  The remaining 70-75% of the total magmatic heat flow is thought to originate 
from more diffuse, lower-temperature hydrothermal advection at ridge flanks and within 
oceanic basins.  Due to their larger areal coverage, such low temperature systems can 
potentially result in much greater elemental exchange between oceanic crust, lithosphere 
and seawater than their on-ridge counterparts (Mottl and Wheat, 1994; Elderfield and 
Schultz, 1996; Alt, 2003; Johnson and Pruis, 2003).  
In natural waters, the distribution and relative fractionation of rare earth elements 
(REE) are proven useful tracers of both processes and pathways (Elderfield and Greaves, 
1982; Elderfield et al., 1990; German et al., 1990; Alibo and Nozaki, 1999; Shiller, 2003; 
Sonke and Salters, 2006; Johannesson et al., 2011; Schijf and Marshall, 2011). Their 
effectiveness as tracers lies in their similar geochemical behavior (3+ charge, with Ce and 
occasionally Eu as exceptions), and their gradual decrease in ionic radius from La to Lu: 
the so called “lanthanide contraction”.  Several studies (at ambient temperature and 
pressure conditions) have demonstrated that REE are extremely particle reactive e.g., 
adsorption of REE with marine particulates (De Baar et al., 1985a; De Baar et al., 1985b; 
Elderfield et al., 1990; Erel and Morgan, 1991; Sholkovitz et al., 1994), aquifer sands 
(Duncan and Shaw, 2003; Tang and Johannesson, 2005), mineral surfaces (silica beads, 
Schijf and Marshall, 2011; clays Coppin et al, 2002) and organic macromolecules (Sonke 
and Salters, 2006; Stern et al., 2007; Stern et al., 2014).  The relative depletion of light 
REE (LREE) over heavy REE (HREE) in seawater compared to average shale (e.g. De 
Baar et al., 1985b; Byrne and Kim, 1990; Sholkovitz et al., 1994; Alibo and Nozaki, 
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1999) is generally attributed to the stronger complexation of HREE over LREE with 
carbonate complexes (e.g. Cantrell and Byrne, 1987; Luo and Byrne, 2004) leaving 
LREE more susceptible to scavenging by surface ligands (e.g. Byrne and Kim, 1990; 
Koeppenkastrop and De Carlo, 1992). In the absence of organic complexes, however, 
some studies have shown preferential removal of HREE over the LREE from natural 
waters onto mineral substrates (Byrne and Kim, 1990; Coppin et al., 2002).  Rare Earths 
also have a high affinity for hydrated oxide minerals (e.g., Fe-oxyhydroxide) but show 
little, if any, apparent fractionation between HREE and LREE (Koeppenkastrop and De 
Carlo, 1992; Koeppenkastrop and De Carlo, 1993; Bau, 1999; Quinn et al., 2004; Quinn 
et al., 2006a; Quinn et al., 2007; Bau and Koschinsky, 2009; Schijf and Marshall, 2011; 
Surya Prakash et al., 2012). 
Despite these data, the behavior of REE during peridotite-seawater interaction is 
less well understood.  Experimental studies on the reaction of serpentinized peridotite 
with fluids at temperatures greater than 300°C show LREE enrichment in the resulting 
hydrothermal fluid (Bach and Irber, 1998; Allen and Seyfried, 2005; Paulick et al., 2006).  
Bach and Irber (1998) suggested mobilization of REE from the interstitial material of 
secondary minerals resulting in LREE enrichment in the hydrothermal fluid.  Allen and 
Seyfried (2005), attributed the LREE enrichment to a complex interplay between 
dissolved REE species in the Na-Mg bearing fluid and precipitation of secondary mineral 
phases (e.g. talc, chrysotile).  Paulick et al. (2006) further suggested that serpentinization 
under high water/rock mass ratios can result in LREE enrichment in altered peridotites. 
The REE mobilization during peridotite serpentinization (Allen and Seyfried, 
2005) appears at odds with the strong adsorption of REE onto mineral surfaces discussed 
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above.  It is unclear whether this discrepancy is driven by elemental properties (e.g. ionic 
radius), precipitation of new mineral species (e.g. serpentine group minerals, carbonates, 
etc.; Zhong and Mucci, 1995; Allen and Seyfried, 2005; Quinn et al., 2007; Schijf and 
Marshall, 2011) or surface related reactions controlled by temperature and fluid pH 
conditions (Marmier et al., 1999; Klungness and Byrne, 2000; Ridley et al., 2005; Schijf 
and Marshall, 2011).  In fact, there is little information on REE reaction rate constants 
and fractionation as a function of temperature during mantle-seawater reactions 
(adsorption or otherwise).  
This chapter will present results from reaction experiments for Sr, Ba, and REE 
between mixed mineral (50% orthopyroxene / 50% clinopyroxene and 86% olivine / 13% 
clinopyroxene) or fresh natural olivine, orthopyroxene, and clinopyroxene with synthetic 
seawater at high-temperature (300° and 400°C) at 500 bars pressure, 170°C at 8 bars 
pressure and on time-series at 15, 60 and 90°C at vapor-saturated pressure conditions 
(low-T experiments).  Using the low-T experiments this chapter with further explore the 
kinetic rates of removal for the REE as a function of temperature, and reactive surface 
area.  Particularly, the low-T experiments were designed to constrain the relative 
fractionation and mobility of selected REE at conditions simulating low temperature 
peridotite-seawater interaction and were derived after the high-temperature (300° and 
400°C) at 500 bars pressure, 170°C at 8 bars pressure where REE removal was observed 
but the sampling resolution of these experiments and amount of materials was a limiting 
factor.  In brief, Sr and Ba were determined in addition to the REE to contrast their 
generally more conservative behavior relative to REE in seawater (in the absence of 
carbonates).  The experimental data is used to derive the activation energy of the surface 
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area-normalized kinetic constants for the REE and discuss the potential mechanisms for 
the REE adsorption.  The reactivity of REE in these experimental data is discussed in the 
context of REE enrichment observed in peridotites during serpentinization. 
3.2 Methods 
3.2.1 Starting Material 
Olivine (Mg#=0.91, where Mg#=Mg/(Mg+Fe) cation mole), orthopyroxene and 
clinopyroxene separates were obtained from a large fresh spinel peridotite xenolith 
(88SAL 1-1) from Salt Lake Crater, Hawaii (e.g. Bizimis et al., 2004 and references 
therein; Table 3.1). The peridotite was mechanically crushed, hand sieved to obtain three 
size fractions (<200µm, 200-350µm and 500-850µm).  The two larger fractions were 
magnetically separated with a Frantz isodynamic separator to concentrate olivine, 
orthopyroxene and clinopyroxene.  Mineral grains were handpicked for clarity under a 
binocular microscope, and to be devoid of alteration or inclusions.  The picked minerals 
were then leached in a 10wt% HCl solution and sonicated for ten minutes, decanted and 
subsequently rinsed, sonicated for another 10 minutes in 18 MOhm H2O and decanted.  
This was repeated twice to remove any surface alteration or adsorbed metals.  The grains 
were dried at 90°C for three hours and were sieved again to better constrain the size 
fraction by separating any smaller grains that may have mechanically broken off during 
sonication.  To obtain the “fine” fraction of olivine, and orthopyroxene and 
clinopyroxene powder used in our experiments, a portion of the hand-picked 500-850µm 
fraction was processed through an agate ball-mill until a <30µm powder was achieved.  
Average olivine grain size for the three fractions was determined using a Beckman 
Coulter LS 100Q laser particle size analyzer using the diffractometry laser method 
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(Beuselinck et al., 1998).  Repeated analyses of the material were reproducible to better 
than 1% relative. From this analysis the geometric surface area (GSA) was determined 
for the different size fractions assuming spherical particles with a density of 3.33g/cm3 
(Klein and Dutrow, 2008).  
Synthetic seawater (SW) was prepared by dissolving NaCl (99.999%), MgCl2 
(99.99%), and CaCl2 (99.99%) (Alfa Aesar) salts to 18MOhm H2O to obtain the 
concentrations of dissolved Na+ (0.42 mol/L), Mg2+ (0.05 mol/L), Ca2+ (0.01 mol/L), and 
Cl- (0.54 mol/L) found in average seawater (Table 3.2; Wilson, 1975).  For the 
experiments performed at 170°C – 8bars and 300 and 400°C – 500bars, a portion of this 
seawater was taken and doped with isotopically enriched 86Sr, 135Ba, 145Nd, 149Sm, 161Dy, 
171Yb (See Table 3.3 for concentrations and isotopic composition).  For the low-
temperature (<100°C) time-series experiments, another aliquot of SW was taken and 
spiked with Sr, Ba, Nd, Sm, Gd, Dy, and Yb, to a concentration of 100 ppb each.  For 
both aqueous solutions single-element analytical standards were dried down and 
resuspended in SW to maintain the pH (7.5) of the initial SW solution.  The final 
isotopically – enriched aqueous solution is referred to hereafter as isotopic seawater 
(ISW) and the REE-enriched aqueous solution as enriched seawater (ESW).  All 
experiments were performed in a trace metal free, HEPA filtered air clean lab at the 
Center for Elemental Mass Spectrometry, University of South Carolina. 
3.2.2 Experiment Protocols 
3.2.2.1 Mixed Mineral High temperature Experiments at 300 or 400°C - 500 bar  
A series of hydrothermal experiments involving mineral-fluid equilibria at 
elevated temperatures and pressures was conducted at the Geophysical Lab, Carnegie 
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Institution of Washington (Table 3.4).  Here, mineral mixture powders of olivine – 
diopside and enstatite – diopside were reacted with ISW at temperatures ranging from 
300°C to 400°C, at 500 bar and for water/rock mass ratios of 1-5.  Reactant minerals and 
ISW were placed in a 5-cm long, 5-mm OD Au capsules, hosted in small volume (~30 
ml) pressure vessels, to minimize the duration of quenching to ambient conditions during 
experiment termination. Temperatures are recorded by sheathed chromel - alumel 
thermocouples placed in contact with the pressuring medium (H2O).  Experiments were 
allowed to equilibrate with the aqueous solution for up to 4111 hours.  Quenching is 
facilitated with exposure to cold gas stream and followed by immersion to water bath.   
Once quenched the gold capsules were carefully cut open using a clean razor 
(wiped with ethanol to remove any oils from manufacturing) and the solution was 
removed using an acid-cleaned 100µl pipette and transferred to an acid-cleaned 7ml PFE 
beaker.  Reacted solids were then removed and placed in another set of 2ml micro-
centrifuge tubes and rinsed with 18Mohm H2O twice. Samples were rinsed using the 
following protocol: 1ml 18Mohm H2O was added to the reacted samples, vortexed into 
suspension and then centrifuged for 10 minutes at 10000 rpm. The rinsed solution was 
then removed and added to the extracted solution.  Once complete the solids were 
allowed to further air dried in a double pass HEPA-filtered dry-down box at room 
temperature.  The solutions were dried down in another custom double HEPA-filtered 
dry-down box at 80°C overnight.  Once dry they were diluted to 3ml of 2%HNO3 and 
prepared for analysis. 
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3.2.2.2 Olivine, Orthopyroxene or Clinopyroxene experiments at 170°C – 8 bar 
Experiments at 170°C – 8bars were performed consecutively with high 
temperature experiments at the University of South Carolina (Table 3.4).  These 
experiments were carried out in Parr-acid digestion bombs with a PTFE insert.  Each 
experiment was reacted with an individual mineral powder (OLV, OPX, or CPX) with 
ISW as a water/ rock mass ratio of 40.  Experiments were staggered so that multiple time 
series could be ran at the same, permitting sampling every 2 to 3 weeks.  Experiments 
preparation is as follows; 500mg of a mineral powder was added to individual PTFE 
insert and 20ml of ISW was added to the insert.  The insert was then closed, place within 
the brass jacket of the bomb, and then placed in a preheated oven (170°C).  Experiments 
were then allowed to react for at minimum 2 weeks to a maximum of 6 weeks.  At the 
termination of the experiment, the samples were removed from the oven and air cooled in 
a fume hood.  Once cooled the Brass jacket was removed carefully and the exterior of the 
PTFE insert was wiped down with a 18Mohm damp kimwipe to remove any scaling that 
may have occurred.  The PTFE insert then was carefully opened to minimize the 
disturbance of mineral powders in solution.  Once open the solution was then extracted 
and placed in an acid-clean 50ml centrifuge tube.  5ml of 18Mohm H2O was then added 
to resuspend the mineral powder and transferred to a 15ml centrifuge tube.  The mineral 
powder was then centrifuged and the rinse solution was added to the reactant solution.  
This was repeated twice to rinse the mineral powders.  Once rinsed the mineral powders 
were allowed to air dry in a closed double pass HEPA filter dry down box at 50°C.  The 
solutions were also centrifuged to remove any particulates and then transferred to a 30ml 
PFA beaker and dried down in a double-pass HEPA filter dry down box.  Once dry the 
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solutions were then resuspended in 10ml of sub-boiling, Teflon-distilled 2% HNO3 and 
transferred to 120ml pre-clean LDPE bottles and diluted to 60ml and then further 
prepared for trace element and isotope analyses.  The solid mineral samples, once dry, 
were then analyzed with XRD, SEM and a portion was dissolved following standard 
silicate dissolution protocols (Sen et al., 2011; Das et al., 2013; Moskalski et al., 2013, 
Frisby et al, 2016).  Both the dissolved solid and solution were then analyzed on the 
ELEMENT 2 HR-ICP-MS at the University of South Carolina.  
3.2.2.2.1 Solution analysis 
Strontium, Ba, Nd, Sm, Dy, Yb, Ni, Si, Fe, Mg, and Ca concentrations for all 
starting materials and reaction fluid products were determined using a combination of 
external standard calibration with a 5ppb multi-element standard of natural isotopic 
composition, and internal drift correction using Indium on a Thermo-ELEMENT 2 HR-
ICPMS at the Center of Elemental Mass Spectrometry (CEMS), Department of Earth and 
Ocean Sciences, University of South Carolina following established protocols for this lab 
(Table 3.6).  We analyzed the isotopes of 135Ba, 137Ba, 145Nd, 146Nd, 147Sm, and 149Sm, in 
low-resolution mode and the isotopes of 86Sr, 88Sr, 60Ni, 29Si, 57Fe, 25Mg, and 43Ca in 
medium-resolution to maximize the signal to background ratio by avoiding isobaric 
interferences (e.g., 40Ar16OH on 57Fe) and 161Dy, 163Dy, 171Yb, and 172Yb in high 
resolution mode for all standards (elemental and spiked), dissolved solids (170°C 
experiments) and reactant solutions.  Instrument method settings were set at 35 scans 
with 5 passes in global parameters and in speed mode through executive.  The isotope 
ratios of 86Sr/88Sr, 135Ba/137Ba, 145Nd/146Nd, 147Sm/149Sm, 161Dy/163Dy, and 171Yb/172Yb 
were determined for all standards and ISW at time of analysis.  This was then used to 
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determine the new isotopic composition of both the reactant fluid and mineral solid.  
Once the new isotopic composition was determined the concentrations for each element 
was calculated. 
3.2.2.4 Olivine Time-series experiments 
The low-temperature (<100°C) olivine-seawater experiments were performed 
using 125 mg of the different sized olivine grains with GSA ranging from 28.2 to 3338 
cm2/g and 5ml of ESW, resulting in a water-to-rock mass ratio (W/R) of ~40 (Table 3.5). 
The experiments were performed in Savillex 7ml PFA vials.  The beakers were set on an 
aluminum block, capped and wrapped in aluminum foil to ensure even heat transfer.  
Temperatures were set at 15°C (ambient lab temperature, controlled within 1 degree), 
60°C and 90°C.  The actual solution temperatures were found constant and reproducible 
to better than 2°C for the 90°C temperature experiments.  Before adding the mineral 
grains to the reaction PFA vial, the solution was heated to the operating temperature of 
the experiment. An aliquot of the solution was taken to establish the initial composition 
of the solution and then the olivine was added to the vial, and the vial was caped.  Time 
series samples were collected during the course of the experiment (a total of 131 analyzed 
aliquots) and in varied intervals from 30-minute intervals for the first hour, every 3 hours 
for the next 24 hours, then every 6 hours over 3 days followed by every 24 hours out to 
14 days total experiment time.  Sampling of the fluid consisted of opening the vials, 
withdrawing 50µl of the solution with a pre-cleaned polypropylene pipette, and recapping 
the vial.  Therefore during sampling the experiments were exposed to atmosphere.  The 
50µl sample extraction was chosen to minimize change in the volume of the solution in 
the experiment (1% per analysis).   
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The pH of the solution was measured in-situ at each sampling using a micro-pH 
electrode (Thermo Scientific 8220BNWP) with the exception of the 15°C CF-23 
experiment (Appendix K), where the pH of the solution was measured at termination. 
Preliminary tests showed random and highly variable Fe, Ni, Si and, occasionally REE 
concentrations in the withdrawn fluids (see Appendix K; experiments labeled AP, HP).  
Subsequently, the recovered solutions were filtered by centrifugation in a pre-cleaned 
micro-centrifugal filter (<0.2µm; Fisher Scientific part #UFC30GV0S with a low hold 
volume of <5µl), to filter any presumably very fine suspended material. 30µl of the 
filtered aliquots were then diluted ~80x with sub-boiling, Teflon-distilled 2% HNO3 with 
2ppb In for elemental analysis.  Strontium, Ba, Nd, Sm, Gd, Dy, Yb, Ni, Si, Fe, Mg, and 
Ca concentrations for all starting materials and reaction fluid products were determined 
using a combination of external standard calibration with the USGS BIR-1 basalt, and 
internal drift correction using Indium on a Thermo-ELEMENT 2 HR-ICPMS at the 
Center of Elemental Mass Spectrometry (CEMS), Department of Earth and Ocean 
Sciences, University of South Carolina following established protocols for this lab (Table 
3.5) (Sen et al., 2011; Das et al., 2013; Moskalski et al., 2013).  We analyzed the isotopes 
of 88Sr, 137Ba, 146Nd, 147Sm, 157Gd, 163Dy, and 172Yb in low-resolution mode and the 
isotopes of 60Ni, 29Si, 57Fe, 25Mg, and 43Ca in medium-resolution to maximize the signal 
to background ratio by avoiding isobaric interferences (e.g., 40Ar16OH on 57Fe)  
Detection limits for the experimental solutions were approximately 25 ppt for Nd 
and Sm, 30 ppt for Gd, and 2 to 5 ppt for Dy and Yb.  As the starting solution was 100 
ppb for each REE this allows the calculation of REE depletion in solution down to a 
0.03% to 0.01% of the starting solution.  Least-squares fitting of the experimental data 
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was performed utilizing the technical graphic and data analysis software IGOR Pro 
(Wavemetrics) and Microsoft Excel. 
3.2.2.5 Sample solid analysis 
To examine the possible presence of secondary alteration phases, the reactant 
solids of the 170°C experiments and the high GSA (<30 µm, i.e. powder) experiment HP 
(see Tables 4 and 5 for experiment conditions) were retrieved at the termination of the 
experiment, and then dried down at 90°C overnight in an enclosed HEPA filtered dry 
down box.  Once dry, they were rinsed with ~5ml of 18 MOhm H2O, allowed to settle 
and the rinse water was pipetted off. This was repeated another two times to ensure any 
remnant chlorides were removed.  The solids were analyzed on a Shimadzu LabX XRD-
6000 (at USC) and experiment HP by Mößbauer spectrometer (Carnegie Institution of 
Washington: Geophysical Lab). Mößbauer analysis were conducted with a ~40 mCi 57Co 
flat source with the drives (Austin Science) operating in constant acceleration mode 
between −4 and 4 mm/s, and calibrated with metallic Fe at the operational temperature 
conditions of 297 K. Data were collected over 1024 channels, which on folding resulted 
in 512 channels. All Mößbauer spectra were accumulated to a low statistical uncertainty 
(typically 5 - 7 x 106 counts per channel). Samples were prepared by homogeneously 
mixing the starting olivine and the final reaction-products (15 mg) with transoptic powder 
(120 mg), and then converted to a 12.7-mm diameter and 1 mm thick pellet at 350 bar 
and 120 °C (Foustoukos and Stern, 2012).  
The solids from the 170°C olivine, orthopyroxene, clinopyroxene, and 90°C 
coarse olivine experiment CF-19 where inspected by SEM on a Tescan Vega 3 SBU 
variable pressure SEM At the Electron Microscopy Center at USC (Appendix L).  The 
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grains where compared to the unreacted fractions to further constrain the presence of 
secondary mineral phases. 
3.2.2.6 Thermodynamic modeling 
Due to the lack of sampling resolution, the high-temperature and 170°C 
experiments were not used to determine REE reaction rates.  However the <100°C 
experiments were designed to provided adequate sampling resolution and used to 
determine REE thermodynamic properties.  Assessment of phase equilibria during the 
experiments required calculation of mineral solubility and distribution of aqueous species 
at experimental conditions, which was accomplished using Geochemist’s WorkBench 
(GWB) software package (Bethke, 1996). Mathematical derivations and numerical 
techniques used by the GWB code involve a Newton-Raphson approach to 
simultaneously solve the grid of non-linear equations that describe chemical equilibria 
and mineral saturation states, while assessing aqueous speciation through equations of 
mass and charge balance. This formulation of geochemical modeling is in accordance 
with previous numerical algorithms developed to estimate aqueous speciation and 
approximate mineral-fluid equilibria at elevated temperatures and pressures (e.g. 
SOLVEQ, EQ3/6) (Reed, 1982; Wolery and Daveler, 1992). The activity coefficients of 
ionic species were calculated with an extended form of the Debye-Hückle equation (“B-
dot”) (Helgeson et al., 1981). To ensure internal consistency, thermodynamic data on 
mineral hydrolysis, dissociation reactions of aqueous species and H2O properties were 
derived from SUPCRT92 (Johnson et al., 1992) and the 1998 database update (Shock et 
al., 1997; Sverjensky et al., 1997). These models include chloro-, hydroxyl (e.g. REE-
OH+)-, and carbonate (e.g. REE-CO3+)-bearing REE aqueous complexes. The standard 
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state for end-member minerals and liquid H2O is unit activity of the pure phase at the 
temperature/pressure conditions of this study (Ding and Seyfried, 1992). 
3.3 Results 
3.3.1 Mixed Mineral High temperature Experiments at 300 or 400°C - 500 bar 
Orthopyroxene – clinopyroxene and olivine – clinopyroxene mixed experiments 
showed a near complete removal of all REE in solution in addition to Mg removal.  Sr, 
Ba and Ca in these experiments increased in concentration (See Table 3.7).  Fe proved to 
be more variable where increases were observed in all samples with exception of C-2 and 
C-6 whose concentrations were below detection limits.  Despite an increase in Sr and Ba 
concentrations and low Nd and Sm concentrations the solution approach the more natural 
rock isotope ratios compared to that of the starting isotopic composition with those 
having the lowest W/R mass ratio of 1 being the closest, suggesting potential exchange 
(See Table 3.7). 
3.3.2 Olivine, Orthopyroxene or Clinopyroxene experiments at 170°C – 8 bar 
Olivine and Orthopyroxene reacted with ISW at 170°C – 8 bar show overall REE 
removal from solution while Sr and Ba concentrations remain similar to starting solution 
concentrations.  With these experiment the solids were also analyzed and show a steady 
increase in the concentration of REE over time and confirm that the REE were absorbed 
to the minerals (Figure 3.1A; B).  Further confirmation of this is observed in the isotopes, 
which show the solution REE isotopic composition approaching that of the natural ratio.  
Sr and Ba both hint at exchange with the reactant solution becoming isotopically slightly 
more natural and vice-versa for the mineral (Table 3.7).   
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CPX and ISW experiments, under these conditions, however show a decrease in 
concentrations for all REE in the ISW while Sr and Ba concentration remains similar 
(Figure 3.1C).  With an observed decrease in the REE there is an observed increase in Ca 
and Si in the solution suggesting the dissolution of CPX (Table 3.7; Figure 3.2A; B).  
SEM images so some potential dissolution pits, but isotopically, despite no change in the 
concentration of Sr and Ba there is a steady decrease in the solution 86Sr/88Sr with a 
complimentary increase in the 86Sr/88Sr ratio of the mineral (Figure 3.2C).  Additionally, 
though there is an overall decrease in REE concentrations (Nd for example, Figure 3.2D) 
the isotopes reflects a similar behavior to Sr, where enriched isotopic composition of the 
solution becomes progressively more natural, implying contribution of natural REE to the 
solution and the mineral composition becomes more like the ISW consistent with uptake 
of REE from solution (Table 3.7).     
3.3.3 Olivine Time-series experiments 
Though the above experiments did reveal some interesting and at first perplexing 
REE behaviors, they lacked the resolution to understand the kinetic behavior of the REE.  
To better illustrate and model the change in REE concentrations in solution during 
olivine alteration, a series of low temperature time series experiments were design and 
performed to improve on the sampling resolution.  For this data, the calculated the natural 
logarithm of the solution concentration, C, at any given time was normalized to the 
starting solution concentration, C0 (i.e., ln(C/C0)).  Representative C/C0 data is reported in 
Table 3.8, all C/C0 are reported in appendix K.  In the following we present the results 
grouped with temperature.  In all figures circle symbols depict experimental data at 15°C, 
squares data at 60°C, and triangles data at 90°C. 
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15°C Experiments:  Time series samples collected at 15°C (ALG, CF-20, CF-11, 
CF-22, CF-23, AP) (Table 3.5, Figure 3.3, Appendix K) showed that Sr and Ba 
concentrations remained essentially unchanged in the solution for all size fractions.  In 
contrast, REE are progressively removed from the solution with the HREE being 
removed preferentially over the LREE (Figure 3.3). With increasing GSA (i.e. decreasing 
particle size) the REE are increasingly removed from solution, and the fractionation 
between LREE and HREE increases.  For example, as the GSA approximately doubles 
(from 257.0 to 577.2 cm2/g), the amount of Nd remaining in solution after 1920 minutes 
decreased from ~30% to ~ 4%, respectively, while the Yb/Nd(n) in solution decreased 
from 0.39 to 0.35  (where n= concentration normalized to C0) (Figure 3.3, Appendix K).  
In the two extreme cases, experiment ALG (Figure 3.3A) with the largest size olivine 
grains (500 to 850 micron size fraction, GSA=28.16 cm2/gr) showed no appreciable 
change in REE and Sr, Ba concentrations in solution, even after 22 days of reaction time, 
while in experiment AP with the highest GSA = 3338 cm2/gr (Figure 3.3F) the REE 
concentrations decreased to 1-2% of the starting solution concentration within 6 hours 
(Appendix K).  We emphasize here that there was no significant difference in the 
composition of solutions collected from static experiment CF-11, and a continuously 
agitated experiment CF-20 at the same surface area, particularly for early in the 
experiments where kinetic constants are calculated (Appendix K, Figure 3.3 A; B).  We 
take this to suggest that under these experimental conditions, the static experiments 
adequately represent the reactivity of REE on olivine.  
60°C Experiments:  The 60°C time-series experiments at a GSA of 28.2, 57.76, 
175.6 and 3338.75 cm2/g (CF-18, CF-12, CF-13, and CF-21; Table 3.8, Figure 3.4, 
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Appendix K) also showed that Sr and Ba remain in solution while REE are increasingly 
removed over time.  Again, with increasing GSA REE depletion in solution increased 
with preferential depletion of HREE over LREE (Figure 3.4).  Experiment CF-18 
solution concentration remained constant within 5% of the starting solution for the last 3 
days of the experiment (from 2800 to 7200 minutes). 
 90°C Experiments:  As in the 15°C and 60°C experiments, the 90°C time-series 
experiments at a GSA of 28.15, 57.76, 924.4 and 3338 cm2/g (CF-17, CF-19, CF-24, and 
HP; Table 3.8, Figure 3.5, Appendix K) showed that Sr and Ba remain in solution while 
REE are progressively removed with increasing GSA, and the HREE are removed 
preferentially of the LREE (Figure 3.5).  Experiment CF-17 (Figure 3.5B) showed a step-
wise decrease in REE concentration at 1200 and 3600 minutes.  We speculate that this 
may be due to breakage of some grains and increase in surface area during the 
experiment at these higher temperatures. 
Temperature effect at fixed particle size:  A set of experiments conducted at fixed 
olivine surface area (GSA = 57.75 cm2/g) allows the study of the effect of temperature 
isolation on the reactivity of REE (Figure 3.6).  With increasing temperature the amount 
of REE removed from the solution increases, while Sr and Ba (as well as Ca2+ and Mg2+) 
remain in solution (Figure 3.6). Also, REE fractionation increases with increasing 
temperature, with greater removal of the HREE over the LREE.  For example, as the 
temperature increases from 60 to 90°C and after 1400 minutes, the Nd concentration in 
solution decreases from 75% to 46% of the starting solution while the Yb/Nd(n) ratio 
(used as a quantitative proxy of the HREE to LREE fractionation) decreased from 0.65 to 
0.42, respectively.   
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A common observation in all the above experimental data is that the REE solution 
concentrations change quickly in the beginning of the experiment and progressively 
slower, with some experiments (e.g. Figure 3.3A, 3.4C, 3.5C) approaching an apparent 
steady-state concentration towards the end of the experiment.  Moreover, the HREE are 
removed to a greater extent than the LREE, implying greater reactivity for the HREE 
than the LREE.  
Olivine Leaching:  To confirm the REE adsorption on olivine surface we 
performed blank experiments where the ESW was placed in the Teflon vessels without 
olivine.  The data showed no change in REE concentrations over time, confirming that 
REE are not adsorbed on the vial walls, as is also generally known for Teflon vessels.   
We also performed leaching tests on mineral fractions recovered from experiments CF-12 
and CF-13 at 60°C.  The recovered olivine grains were rinsed twice with 18 MOhm H2O 
and dried on HEPA-filtered hot plates at 60°C.  Once dry, a 10 wt% HCl solution was 
added to each beaker and after an hour the solution was subsampled and analyzed.  The 
total concentration of the REE as the sum of those remained in solution at experiment 
termination and those recovered from the olivine match the REE composition of the 
starting solution to within 5% of the total (Table 3.9).  This confirms that the depletion of 
REE in solution is due to scavenging and surface adsorption on reactant olivine.  
Olivine dissolution:  In all experiments the Ca2+ and Mg2+ concentration remained 
unchanged (within analytical error) in solution, while Ni in some experiments slowly 
increased over time (e.g., CF-18). Ni remains soluble at these experimental conditions 
(pH~7-8) (Ji and Cooper, 1996; Takeno, 2005), so we use Ni concentration in solution as 
a proxy for olivine dissolution by assuming that dissolved olivine release Ni in solution 
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proportionally to its concentration and dissolved mass (we only considered filtered 
experiments as the unfiltered may have had microscopic olivine particulates).  The Ni 
concentrations in most experimental solutions (for the time range where kinetic rate 
constants were calculated, see below) ranged from <1 ppb to 10 ppb with most being less 
than 3ppb (Appendix K).  Occasional “spikes” in Ni, Fe and Mn concentration (e.g. 
experiment CF-23 at 120 minutes) are likely <0.2 micron microscopic particles that 
where not filtered.  Considering the high end of Ni concentrations for only the filtered 
experiments (~10 ppb, experiment CF-23, Appendix K) and assuming stoichiometric 
dissolution of olivine, our estimations suggest that up to 1.2 µg of olivine could have 
dissolved which is 0.013 % of starting olivine mass.  We cannot confirm stoichiometric 
dissolution of olivine through phase equilibrium relationships constrained by the 
concentrations of Mg2+ and Ca2+ in the reactant solutions, as they deviate only slightly 
from the concentrations in the starting solution (e.g. Mg~0.01% relative) and well within 
measurement error.  However, experimental data from Chen and Brantley (2000) show 
stoichiometric olivine dissolution at pH=2.95 to 5 at 65°C in HCl media, at conditions 
generally similar (albeit more acidic) to ours, which may indirectly suggest 
stoichiometric dissolution of olivine in our experiments. 
3.3.4 Adsorption Kinetic Rate Constants   
The above experimental data shows that the concentration of REE in solution 
(ln(C/C0)) changes rapidly at the beginning of the experiments (Figs. 3.3 to 3.5), but 
slows down later in the experiments, i.e. the kinetics of REE adsorption changes with 
time from fast to slow.  In some cases, especially in the small GSA experiments (e.g. 
Figure 3.6C), the concentrations approach steady-state conditions where little additional 
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REE scavenging is observed.  This change in adsorption kinetics is clearly not that of a 
first order reaction, where the natural logarithm of the normalized REE concentrations 
would show a strong linear correlation with reaction time.  Thus, we evaluated the 
possibility of a second order reaction by plotting the (C/C0)-1 for Nd and Yb vs. reaction 
time for selected experiments (Figure 3.7).  Some experiments show a strong linearity 
particularly early in the experiment (Figures 3.7C, and F), while most others show 
characteristic changes in kinetic rates, as a function of the reaction time (Figures 3.7A, B, 
D, and E; concave down curves).  From this we conclude that the kinetics of REE 
adsorption on to olivine surface in these experiments do not follow a first or second order 
reaction pattern.  More complex kinetics with multiple rates were not investigated, 
however, we emphasize that the solution concentrations over time (Figure 3.3 through 
3.6) invariably show enhanced kinetics early in the experiments.  For simplicity, the 
adsorption kinetic rate constants were approximated as two pseudo first-order reaction 
regimes using linear regression between ln(C/C0) and reaction time (an example is shown 
Figure 3.8).  The transition point between these two reaction regimes was approximated 
by manually optimizing the fit of a linear regression to the data in the early stage of the 
experiments to increase the R-squared values.  Our only limit to the fit was to include a 
minimum of 4 points in the first reaction regime, so that the calculated rate constants 
represents at least 2 hours of reaction time.  The initial kinetic rate constants of REE 
scavenging, KdREE, calculated for the experiments are given in Table 3.10. 
 This approach explicitly assumes that KdREE are constant for the selected time 
intervals.  While this is obviously not entirely valid as discussed above, nevertheless, the 
KdREE effectively represents an “average” REE adsorption kinetic rate constant over that 
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time interval.  As a result of this approximation, small uncertainties in the selection of the 
transition point between the two reaction regimes (Figure 3.8), does not significantly 
affect the estimated values KdREE (Table 3.10).  The uncertainties of the estimated Kd 
values are calculated assuming a 5-minute sampling time error, while the error on the 
ln(C/C0) value is calculated by full error propagation of the analytical uncertainties (1 
standard deviation, typically 2-3% relative). Note that for experiments with the highest 
GSA (3338 cm2/g), we were unable to quantify kinetic constants due to the relatively 
long sampling intervals in our protocol compared to the rapid removal of REE. 
3.4 Discussion 
All experiments performed show an overall trend of REE removal despite the 
mineral in reaction with the ISW or ESW.  In addition to the observed REE removal the 
170°C / 8bars experiment with clinopyroxene shows that in addition to overall REE 
removal there is a steady REE isotopic exchange between the reactant mineral and the 
reactant solution.  In addition to the observed isotopic exchange in the clinopyroxene 
experiment the 170°C / 8bars olivine and orthopyroxene experiments show isotopic 
exchange for Sr and Ba in solution despite the solution concentrations not changing 
during the reaction.  This however only partially supports previous studies where the 
concentration of Sr and Nd in serpentinized abyssal peridotites is assumed to remain 
constant (i.e. Delacour et al, 2008; Frisby et al, 2016).  This work however shows a 
decoupling of Sr and Ba from the REE, which is readily adsorbed on to the surface of 
mantle minerals.  This REE adsorption is consistent with some earlier studies (Byrne and 
Kim, 1990; Tang and Johannesson, 2005) that showed in the absence of organic ligands, 
REE are particle reactive with HREE being preferentially removed from both seawater 
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and fresh water over LREE.  The low reactivity of the alkaline earths seen here is 
consistent with other experimental data that show little adsorption of Sr, Ba, Ca, and Mg 
at circumnatural pH for a variety of mineral reactive surfaces (rutile, goethite, amorphous 
silica, quartz; Sverjensky, 2006 and references therein for a compilation of experimental 
data on alkali metal reactivity).  These findings are also qualitatively consistent with the 
well-known long residence time (~4 million years) of Sr and the short residence time 
(hundreds to thousand years) of REE in seawater (Goldberg, 1965; Bruland, 1983).  
Using the lower temperature experiments, whose sampling resolution is on the order of 
minutes to hours compared to weeks and months, the rest of the discussion will focus on 
the physical and chemical properties of the REE that contribute to this observed behavior. 
3.4.1. REE adsorption kinetic rate constants and activation energy  
The KdREE increases with both increasing temperature and GSA.  This is shown in 
Figure 10, where KdNd and KdYb  (only Nd and Yb are shown for clarity as the other REE 
fall between these two) are plotted against total olivine surface area (SA) in the 
experiments (SA: mass, multiplied by the GSA of the particular olivine fraction) and as a 
function of temperature.  At a given temperature, the adsorption kinetic rate constants 
increase with increasing surface area.  The KdREE appears to vary linearly with the surface 
area, best seen in the 15°C data (Figure 3.9).  Based on this linearity we quantify the 
effect of temperature on REE KdREE by normalizing them to the mineral surface area 
using a least-squares regression (15, 60 and 90°C).  The slope of this line defined as 
KdREE/SA, is in effect the “surface area normalized adsorption kinetic rate constant” for a 
given REE at a given temperature (Figure 3.9, Table 3.11). 
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Figure 3.10 shows that the natural log of surface-normalized REE adsorption 
kinetic rate constants, ln(KdREE/SA), decreases with the reciprocal of temperature, i.e. the 
faster KdREE/SA are found at the highest temperature experiments. The approximately 
linear relationship of ln(KdREE/SA) with 1000/T suggests that the surface-normalized 
REE adsorption kinetic rate constants onto olivine can be described through an Arrhenius 
relationship.  Thus, we calculate the activation energy (Ea) for REE adsorption on olivine 
from the slope of ln(KdREE/SA) vs. 1000/T, and the frequency factor, A, from the 
intercept of the line from the following equation: 
ln(ΚdREE /SA)=ln(A)-EaREE/RT  (1) 
where R =8.314 (J/(K*mol).  The calculated Ea for each REE are reported in Table 3.8 
and range from 16.3 ± 0.6 to 13.1 ± 0.6 kJ/mole. The HREE have lower activation 
energies than the LREE (Table 3.11).  These activation energies indicate lower 
temperature dependence of adsorption for HREE than LREE, i.e. the HREE are more 
readily adsorbed to the olivine surface than the LREE.   
3.4.2 Gd anomalies and REE electron configuration 
The calculated activation energies generally decrease with decreasing atom radius 
(or increasing atomic number) from LREE to HREE (Figure 3.11A; i.e. from Nd to Yb).  
However, Gd falls off this trend having characteristically higher Ea than the neighboring 
Sm and Dy and higher than all analyzed REE.  This implies that another characteristic 
property of the REE, in addition to their ionic radius, might control their reactivity and 
mineral uptake during low-temperature olivine/seawater interaction. 
Figure 3.11B shows that the plot of EaREE against the sum of the 1st, 2nd, and 3rd 
ionization potentials (referred herein as total ionization potential) of the REE yields a 
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linear trend.  Gadolinium and Nd with the highest Ea both have the lowest total ionization 
potential, while Yb with the lowest Ea has the highest total ionization potential.  The total 
ionization potential represents the amount of energy required to remove the three outer 
electrons from the atom and is a function of the electron configuration of the REE.  Gd 
has [Xe]4f75d16s2 electron configuration while the other analyzed REE have [Xe]4fn6s2 
(where n = 4 for Nd, 6 for Sm, 10 for Dy and 14 for Yb, respectively).  The loss of the 3 
valence electrons results in a [Xe]4f7 configuration for Gd, where each of the seven f-
orbitals are filled by one unpaired electron.  In comparison, Nd, Sm, Dy and Yb either 
have unfilled f-orbitals (Nd, Sm) or some partially filled f-orbitals with two electrons 
(Dy, Yb).  The uniform distribution of electrons in the f-orbitals of Gd+3 likely results in a 
more symmetric electric field around Gd+3 (De Baar et al., 1985b), than the other 
analyzed REE and may account for its relatively lower reactivity and higher activation 
energy compared to REE with the nearest atomic number and radius (Sm and Yb).  A 
similar lower reactivity relative to the neighboring REE and as a function of ionic radius 
then predicted for Lu+3 and La+3 which have either all seven f-orbitals filled with 2 
electrons (Lu+3) or all empty (La+3). However, as La and Lu are at the two ends of the 
lanthanide series, a depletion or enrichment cannot be unambiguously defined.  The 
particular electron configuration of Gd+3 compared to the other REE and the lower 
ionization energy, was previously invoked to explain the positive Gd anomalies in some 
Atlantic and Pacific seawaters (De Baar et al., 1985b) and seawater off the coast of Japan 
(Alibo and Nozaki, 1999).  In those cases however, the LREE were thought to be more 
particle reactive than HREE, which is opposite to what we observe in these experiments.  
The preferential scavenging of LREE over HREE in seawater is generally attributed to 
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the stronger complexation of HREE to carbonate or other ligands, which leaves 
proportionally less HREE than LREE free as +3 cations to become hydrolyzed and 
scavenged.  The role of carbonate in our experiments is discussed further below. 
3.4.3 REE+3 scavenging by Fe-oxyhydroxides 
REE have very high affinity for freshly precipitated hydrous ferric oxides (HFO) 
(Koeppenkastrop and De Carlo, 1993; Quinn et al., 2004; Quinn et al., 2006a; Quinn et 
al., 2007; Schijf and Marshall, 2011), with extremely high apparent REE distribution 
coefficients (DREE-FeOH> 104).  In our experiments any dissolution of olivine will result in 
the release of Fe into the solution, which will likely form HFO under these experimental 
conditions (pH~7, open to atmosphere) and precipitate.  Olivine dissolution experiments 
at pH=5 (Chen and Brantley, 2000) and hydrogen generation experiments with peridotite 
and olivine separates (Mayhew et al., 2013) have suggested Fe-(hydr)oxide precipitation.  
Therefore it is important to evaluate the role of precipitating HFO in the REE reactivity 
discussed above.  Dissolved iron concentrations were found highly variable from 
experiment to experiment (some variance was due to high background Fe contents of 
some starting solutions, Appendix K), but often decreased with time (e.g., CF-23, CF-22, 
CF-21, Appendix K) suggesting Fe removal during the experiments.  The Fe/Ni in these 
solutions was variable but in nearly all instances it was less than 10, and far lower than 
the Fe/Ni = 22 of the starting olivine.  This is qualitatively consistent with olivine 
dissolution and some Fe precipitation.  Mass balance calculations of olivine dissolution 
based on the dissolved Ni concentrations suggest that far less than 500 ng of Fe were 
likely released during the course of the experiments.  This is much less than the starting 
composition of REE in solution (2.5 micrograms total) and we deem unlikely that this 
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amount of Fe would control REE precipitation.  We also analyzed the solids at the 
termination of the experiment for selected experiments (CF-19, HP) using SEM, x-ray 
diffraction (XRD) and Mößbauer spectrometry (Appendix L, M, N) to test for the 
presence of HFO or other secondary minerals (serpentine, brucite) that may have 
contributed to the REE removal from solution.  There were no distinct textural or 
compositional variations detected with the SEM images to suggest alteration or 
precipitation of secondary mineral (Appendix L).  No secondary minerals or Fe3+ 
contributions in both the XRD and Mößbauer spectra were identified in the solids 
(Appendix M, O).  
 We can further evaluate the role of possible HFO precipitation by comparing our 
results on REE fractionation with HFO-induced REE scavenging experiments 
(Koeppenkastrop and De Carlo, 1992; Koeppenkastrop and De Carlo, 1993; Quinn et al., 
2004; Quinn et al., 2006b; Quinn et al., 2007).  As REE are highly reactive on HFO, 
distribution coefficients have been most often determined, rather than kinetic rate 
constants.  Some of our experiments approach a steady state in REE dissolved 
concentrations (e.g. Figure 3.3B, E, Figure 3.4A,C,D , Fig 3.5B,C),  and we use this 
experimental data to calculate apparent distribution coefficients as: DREE = Cioli /Cisol, 
where Cioli, is the amount of element i (in ng) removed from solution normalized to the 
mass of olivine and Cisol is the concentration of REE remaining in solution (Table 3.12).  
For experiments where more than 99% of the REE were removed (AP, CF-21, HP, CF-
24), DREE are not considered reliable (Table 3.12).  A key observation is that KdREE, show 
a linear correlation with the apparent DREE at each temperature (Figure 3.12).  The Gd 
anomaly is also observed in the apparent DREE, with Gd having values between Nd and 
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Sm.  This linear relationship allows a direct comparison of our experimental results and 
the apparent DREE to the DREE from HFO precipitation experiments.   
Figure 3.13 compares the relative fractionation of the DREE as DYb/DNd, with the 
magnitude of the DGd anomaly, here defined as log (DGd)/Gd*, where Gd* is the expected 
value for DGd if it were to fall between those of DSm and DDy and is determined as 
log((DDy + DSm)/2).  Our data shows that at a given temperature DYb/DNd increases while 
the Gd anomaly decreases with increasing GSA.  At relatively similar GSA, the Gd 
anomaly decreases with increasing temperature with small change in the HREE to LREE 
fractionation.  The experiment with the largest Gd anomaly and lowest DYb/DNd is CF-11, 
with the lowest GSA at the lowest temperature 15°C.  These systematics suggest that 
with the enhanced kinetic rate constants present in the high GSA and high temperature 
experiments, the magnitude of the Gd anomaly decreases.  Compared to DREE from HFO 
precipitation experiments (Koeppenkastrop and De Carlo, 1992; Koeppenkastrop and De 
Carlo, 1993; Quinn et al., 2004; Quinn et al., 2006b; Quinn et al., 2007) our olivine 
adsorption data shows greater HREE over LREE reactivity and larger negative Gd 
anomalies (i.e. DGd is lower relative to Sm and Dy).    
To summarize, based on the low amount of released Fe from olivine dissolution, 
the lack of spectroscopic evidence for secondary minerals evidence and the greater HREE 
over LREE partitioning on olivine surface than HFO, we surmise that precipitation of 
HFO is unlikely the dominant mechanism of REE removal to olivine in our experiments.   
3.4.4 REE-bearing carbonates 
As our experiments were open to the atmosphere, the presence of dissolved CO2 
may stabilize carbonate-bearing REE aqueous species and promote the precipitation of 
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carbonate minerals.  Our thermodynamic calculations, based on the chemical composition 
of the sampled aliquots, suggest that calcite is not stable, while dolomite and magnesite 
are.  Formation of any significant amount of secondary dolomite would alter the 
Ca2+/Mg2+ of the solution due to preferential uptake of Ca2+ over Mg2+ in the dolomite 
crystalline structure.  With the ESW Ca2+/Mg2+ ratio of 0.21 and the ideal dolomite 
mineral with Ca2+/Mg2+ ratio of 1.65, dolomite precipitation would increase the 
Ca2+/Mg2+ ratio of the experimental solutions.  The Ca2+/Mg2+ in our solutions remain 
unchanged within error (an example shown in Figure 3.14) providing no evidence for 
significant carbonate formation, and is consistent with the lack of evidence for carbonates 
in the experimental solids with SEM and XRD analyses.  Moreover, carbonate 
precipitation would preferentially remove LREE over HREE from solution (Byrne et al., 
1988; Byrne and Kim, 1990; Zhong and Mucci, 1995) opposite to the fractionation 
observed here.  Ca-bearing phases, such as dolomite and calcite, should also remove Sr 
(Haggerty et al., 1992; Menzies et al., 1993; Scambelluri et al., 2001; Foustoukos et al., 
2008), however we see no evidence of Sr removal in our experiments.  Thus we conclude 
that carbonate precipitation is not driving the observed REE fractionations.  
In natural waters the dominant carbonate REE ligand in solution is REE-CO3+, 
with smaller contribution from REE-HCO32+ (Luo and Byrne, 2004).  The HREE form 
stronger carbonate complexes than LREE (Figure 3.13), which results in proportionally 
fewer HREE than LREE as free cations in solution to hydrolyze and react with surfaces.  
HFO precipitation experiments in the presence of excess CO2 also support this model, as 
the apparent DYb becomes less than that of DNd (DYb/DNd<1) opposite to that without CO2 
(Figure 3.13).  The greater reactivity of HREE over LREE in our experiments contrasts 
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the REE-carbonate speciation data and further suggests that carbonate ligands do not 
have a dominant control on the REE reactivity observed here.   
3.4.5 Insights from REE speciation in solution 
Additional insights can be gained by modeling the speciation of REE in solution 
as a function of temperature and in the presence of CO2(g) at constant atmospheric 
concentrations (Figure13).  We compare the results with the olivine experiments CF-11, 
CF-12 and CF-19 at low GSA (57.76 cm2/g) where the Gd anomaly is more prominent 
(e.g. Figure 3.12, Figure 3.13).  At 15°C and around pH ~7, applicable to these 
experiments, REE in solution exist dominantly as 3+ species (see also Quinn et al., 
2006a) (Figure 3.15A).  At 60°C, the REEOH++ species become increasingly abundant 
and approximately equal to the REE3+, and at 90°C the dominant species are the 
REEOH++ (Figure 3.15B,C).  The REE-carbonate species appear to be of less importance 
in these experimental conditions due to the relative dependence of the hydrolysis and 
carbonate REE-equilibrium constants to temperature.  This is also consistent with our 
observations above where REE-CO3+ complexes do not seem to control the REE 
reactivity.   
The decrease in the proportion of REE3+ to REEOH++ species with increasing 
temperature coincides with the decrease in the magnitude of the DGd anomaly (Figure 
3.13) with temperature (at a fixed surface area).  In other words, when REE3+ are the 
dominant species in solution, their reactivity to particle surfaces is also dictated by their 
electron structure, which leads to the largest Gd anomaly (Figure 3.11).  The apparent 
effect of REE electron configuration is also most prominent in the coarser olivine grain 
experiments (lowest GSA).  We attribute this to the fact that under low GSA conditions 
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the available reactive surfaces are naturally limited, and possibly REE outcompete each 
other for the few available adsorptive sites.  At the higher GSA experiments, as in the 
HFO precipitation experiments, the excess of adsorptive sites that result in near complete 
removal of REE from solution can explain the smaller Gd anomaly.  Based on the above 
systems where REE3+ dominate and in the absence of Fe precipitation or other organic 
ligands, we can expect fluids with relatively high LREE/HREE and positive Gd 
anomalies at elevated water to rock (i.e. reactive surface area) mass ratios.  
3.5 Summary and Implications 
During the reaction of peridotite minerals and seawater all the experiments 
presented here, in the absence of strong complexing organic ligands and precipitation of 
secondary minerals, Sr and Ba remain in solution while REE are removed from solution 
to the mineral.  Although there is little evidence of Sr removal from solution the shift in 
the isotopic composition of the fluid suggests exchange between the mineral and the 
ISW.  In the case of the REE, even with their near complete removal, there is a shift in 
the isotopic composition of the fluid suggesting the presence of a coupled mineral 
dissolution and REE mobilization in solution and REE removal on to the mineral 
surfaces.  The low temperature experimental data shows with increasing kinetic rate 
constants as both temperature and reactive surface area increase.  Fractionation between 
HREE and LREE is observed with relative fractionation increasing with temperature and 
surface area where HREE distinctively have higher kinetic constants and are more readily 
removed on to the mineral surface than LREE.  The Gd kinetic rate constant and the 
apparent partitioning of Gd on to the olivine surface is lower than that of the neighboring 
REE suggesting that the electron structure and total ionization potential of the REE 
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controls their reactivity.  As temperature increases the extent of the Gd anomaly 
coincides with changes in the REE speciation in solution from dominantly REE3+ to 
REE3+ and REEOH2+ at 60°C and REEOH2+ at 90°C.  
The Gd anomaly corresponds well with positive Gd excesses observed in both the 
Atlantic and Pacific Oceans seawater REE concentrations have been explained as higher 
degrees of solution complexation (De Baar et al., 1985b; Zhang and Nozaki, 1998; Alibo 
and Nozaki, 1999; Nozaki and Alibo, 2003; Garcia-Solsona et al., 2014; Molina-Kescher 
et al., 2014) or surface complexation with marine organic particulates (De Baar et al., 
1985b).  Our experiments suggest the electronic configuration of Gd3+ and its predicted 
lower reactivity on to particles may also contribute to these Gd excesses.  
The enhanced reactivity of HREE over the LREE observed here may also explain 
the preferential enrichment of LREE over HREE in aqueous solutions during peridotite-
fluid interaction (Bach and Irber, 1998; Allen and Seyfried, 2005; Paulick et al., 2006).   
The higher LREE / HREE ratios in the fluid over the starting serpentinite in the Allen and 
Seyfried (2005) experiments can be explained by release of REE from the peridotite to 
the fluid and then preferential scavenging of HREE back onto the rock leading to fluids 
with low REE concentration but high LREE/HREE.  We speculate that the variable REE 
systematics on secondary phases found in serpentinites (e.g. Gillis et al., 1992; Frisby et 
al, 2016) and the highly variable REE patterns in hydrothermal vent fluids (Douville et 
al., 1999) may also be controlled in part by adsorption of REE on to mineral surfaces (at 
least for close to neutral pH) and subsequent incorporation of the adsorbed elements 
within the structures of the crystallizing secondary minerals.  We envision that 
scavenging of REE from seawater may take place within the recharge zone at relatively 
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low temperature conditions (<100°C) and well before the imprint of high temperature 
water/rock interactions deep in the subseafloor reaction zone.  A more detailed evaluation 
of the combined effects of surface reactions vs. secondary mineral precipitation is needed 
to further evaluate the fate of REE during serpentinization. 
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Table 3.1: 88SAL 1-1 Olivine,  
Orthopyroxene and Clinopyroxene  
composition 
  
  Olivine Opx Cpx 
 Unit Average Average Average 
Na2O  wt%  0.01 0.12 2.10 
MgO  wt%  49.93 33.44 15.13 
Al2O3  wt%  0.02 4.42 6.14 
SiO2  wt%  40.86 54.93 52.46 
CaO  wt%  0.01 0.65 19.99 
Sc  µg/g  7.87 10.49 75.36 
TiO2  wt%  0 0.07 0.26 
V  µg/g  2.81 74.55 233.7 
Cr  µg/g  103.21 2886 7004 
MnO  wt%  0.14 0.14 0.09 
FeO(t)  wt%  9.36 5.91 2.78 
Co µg/g 167.3 45.10 19.21 
Ni µg/g 2,980 541.6 326.6 
Cu µg/g 4.1 1.01 1.67 
Zn µg/g 77.8 25.81 13.91 
Ga µg/g 0.7 2.54 3.25 
Rb µg/g 1.8 0.02 0.03 
Sr µg/g 0.5 0.70 161.6 
Y µg/g 0.1 0.52 16.32 
Zr µg/g 0.3 3.61 98.82 
Nb µg/g 0.02 0.08 1.29 
Ba µg/g 0.3 0.12 5.47 
La µg/g 0.03 0.03 5.61 
Ce µg/g 0.02 0.31 16.83 
Nd µg/g 0.03 0.08 15.19 
Sm µg/g 0.03 0.03 4.50 
Eu µg/g 0.02 0.01 1.51 
Gd µg/g 0.1 0.05 4.57 
Dy µg/g 0.03 0.08 3.59 
Ho µg/g 0.01 0.02 0.65 
Er µg/g 0.03 0.07 1.64 
Yb µg/g 0.1 0.10 1.35 
Lu µg/g 0.02 0.02 0.19 
Hf µg/g 0.04 0.07 1.41 
Ta µg/g 0.02 0.01 0.27 
Pb µg/g 5.2 0.11 0.35 
Th µg/g 0.1 0.01 0.63 




Table 3.2: Synthetic  













*Determined from the weighted masses of salts (CaCl2, MgCl2, and NaCl) added to 2L of 18Mohm H2O.  Ionic 
strength was calculated following the equation 𝐼 = 1 2 𝑚!𝑧!!!!!! , where mi is the molar concentration of the ion 




Table 3.3: Isotopic composition  










Sr  8.36 84 0.00  86 94.67  87 1.08  88 4.24  Ba  0.039 130 0.11  132 0.30  134 1.79  135 34.24  136 6.37  137 7.86  138 49.34  Nd  0.125 142 0.95  143 0.67  144 2.57  145 91.73  146 3.64  148 0.28  150 0.16  Sm  0.031 144 0.11  147 0.38  148 0.83  149 97.39  150 0.61  152 0.44  154 0.25  Dy  0.07 156 0.00  158 0.03  160 0.26  161 97.23  162 0.31  163 1.19  164 0.97  Yb  0.031 168 0.01  170 0.34  171 95.12  172 2.58  173 0.73  174 1.01  176 0.22   










(bar) Starting Mineral W/R Experiment Apparatus 
Length of 
Experiment (min) 
C-1 300 500 
Cpx (50%)-Opx (50%) 
mixture 5 
Au Capsules and 
Pressure Vessel 135360 
C-2 300 500 
Olv (87%)-Cpx (13%) 
mixture 5 
Au Capsules and 
Pressure Vessel 135360 
C-3 400 500 
Cpx (50%)-Opx (50%) 
mixture 5 
Au Capsules and 
Pressure Vessel 246660 
C-4 400 500 
Olv (87%)-Cpx (13%) 
mixture 5 
Au Capsules and 
Pressure Vessel 246660 
C-5 300 500 
Cpx (50%)-Opx (50%) 
mixture 1 
Au Capsules and 
Pressure Vessel 135360 
C-6 300 500 
Olv (87%)-Cpx (13%) 
mixture 1 
Au Capsules and 
Pressure Vessel 135360 
C-8 400 500 
Olv (87%)-Cpx (13%) 
mixture 1 
Au Capsules and 
Pressure Vessel 246660 
OLV-3 170 8 Olivine Powder 40 Parr Digestion vessel 30240 
OLV-4 170 8 Olivine Powder 40 Parr Digestion vessel 40320 
OLV-5 170 8 Olivine Powder 40 Parr Digestion vessel 50400 
OPX-2 170 8 Orthopyroxene Powder 40 Parr Digestion vessel 20160 
OPX-3 170 8 Orthopyroxene Powder 40 Parr Digestion vessel 30240 
OPX-4 170 8 Orthopyroxene Powder 40 Parr Digestion vessel 40320 
OPX-5 170 8 Orthopyroxene Powder 40 Parr Digestion vessel 50400 
CPX-2 170 8 Clinopyroxene powder 40 Parr Digestion vessel 20160 
CPX-4 170 8 Clinopyroxene powder 40 Parr Digestion vessel 40320 
CPX-5 170 8 Clinopyroxene powder 40 Parr Digestion vessel 50400 





Table 3.5: Experimental condition and starting olivine GSA for Olivine / ESW experiments  
 
Experiment Temperature (°C) 
Solution 









AP 15 5.13 0.126 41 3338 67 420 8 
CF-23 15 5.11 0.125 41 577 12 72.1 1.4 
CF-22 15 5.11 0.125 41 257 5 32.1 0.6 
CF-11 15 5.00 0.121 41 57.8 1.2 7 0.1 
CF-21 60 5.13 0.126 41 3338 67 420 8 
CF-13 60 5.00 0.127 39 176 4 22.4 0.5 
CF-12 60 5.00 0.124 41 57.8 1.2 7.2 0.1 
CF-18 60 5.19 0.123 42 28.2 0.6 3.5 0.1 
HP 90 5.15 0.126 41 3338 67 420 8 
CF-24 90 5.11 0.154 33 924 19 143 3 
CF-19 90 5.17 0.127 41 57.8 1 7.3 0.2 
CF-17 90 5.20 0.125 42 28.2 0.6 3.5 0.1 
 
* Geometric Surface Area; SD = standard deviation 
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Table 3.6: Summary of chemical properties of the  
major and trace elements used in determining  










Mg 25 0.72 MR 
Si 29 0.40 MR 
Ca 43 1.00 MR 
Mn 55 0.67 MR 
Fe 57 0.61-0.78 MR 
Ni 60 0.69 MR 
Sr 88 1.18 MR 
Ba 137 1.35 LR 
Nd 146 0.98 LR 
Sm 147 0.96 LR 
Gd 157 0.94 LR 
Dy 163 0.91 LR 






Table 3.7:  Solution elemental concentrations and isotope ratios for 170°C / 8Bar and High-temperature / 500bar experiments and 









































8.36 0.039 0.125 0.031 0.07 0.031 
     
22.32 4.31 25.69 0.004 81.50 36.85 
OLV-0 Mineral 0.50 0.250 0.036 0.041 0.039 0.135           0.12 0.59 0.48 1.086 0.76 0.65 
OLV-14 Mineral 0.42 0.148 1.397 0.343 0.712 0.230 
     
0.97 0.70 23.22 0.006 67.37 29.44 
OLV-21 Mineral 0.63 0.163 4.022 1.056 2.207 0.977 
     
1.81 0.90 25.00 0.005 39.88 33.99 
OLV-28 Mineral 0.78 0.013 4.165 1.111 2.304 0.950 
     
3.68 1.24 24.86 0.004 77.41 36.71 
OLV-35 Mineral 1.11 0.518 3.886 1.031 2.404 0.939 
     
3.27 1.90 24.42 0.005 40.99 29.66 
OLV-0 Solution 8.37 0.039 0.126 0.031 0.073 0.032 1216.3 0.00 429.7 0.00 0.00 22.32 4.31 25.69 0.004 81.49 36.98 
OLV-21 Solution 9.39 0.042 0.001 0.000 0.000 0.000 1309.3 6.00 441.1 0.25 0.00 21.51 4.30 5.02 0.084 73.67 7.91 
OLV-28 Solution 6.94 0.036 0.001 0.000 0.000 0.000 986.8 9.67 298.2 0.73 0.03 21.40 4.26 15.27 0.022 28.16 43.13 
OLV-35 Solution 9.44 0.035 0.001 0.000 0.000 0.000 1417.3 10.30 482.8 0.12 0.00 21.66 4.24 4.03 0.102 17.66 11.86 
OPX-0 Mineral 0.66 0.153 0.14 0.090 0.218 0.278           0.12 0.59 0.48 1.0860 0.76 0.65 
OPX-14 Mineral 0.94 0.101 2.84 0.731 1.531 0.700 
     
1.09 1.08 22.36 0.0114 38.61 17.49 
OPX-21 Mineral 2.77 0.346 4.04 1.078 2.861 1.000 
     
2.60 1.08 21.92 0.0112 25.43 18.69 
OPX-28 Mineral 2.51 0.175 3.65 0.964 2.018 0.904 
     
4.32 1.38 23.09 0.0100 39.71 19.10 
OPX-35 Mineral 3.09 0.255 3.99 1.057 2.719 1.058 
     
4.16 1.59 22.51 0.0105 25.64 18.03 
OPX-0 Solution 8.37 0.039 0.126 0.031 0.073 0.032 1216.3 0.00 429.7 0.00 0.00 22.32 4.31 25.69 0.004 0.00 81.49 
OPX-14 Solution 9.28 0.047 0.031 0.009 0.021 0.008 1311.6 28.56 445.1 3.48 0.00 20.89 3.90 23.72 0.006 45.23 32.86 
OPX-21 Solution 9.14 0.043 0.001 0.000 0.000 0.000 1309.9 25.43 462.7 0.00 0.00 21.51 3.85 3.93 0.095 18.65 33.17 
OPX-28 Solution 8.81 0.043 0.002 0.000 0.001 0.000 1283.0 20.18 475.1 0.08 0.00 20.69 3.87 17.56 0.019 20.72 46.31 
OPX-35 Solution 11.1 0.046 0.001 0.000 0.000 0.000 1431.7 35.37 508.3 0.00 0.00 20.97 3.91 2.86 0.175 22.58 3.60 
CPX-0 Mineral 175.3 6.494 15.82 4.612 3.630 1.456           0.12 0.54 0.47 0.916 0.76 0.65 
CPX-14 Mineral 146.2 2.220 19.12 5.224 5.659 2.309 
     
0.16 0.69 1.94 2.79 3.82 3.92 
CPX-28 Mineral 142.8 2.307 19.33 5.287 5.908 2.398 
     
0.17 0.73 1.91 2.76 3.65 3.93 
CPX-31 Mineral 100.0 2.211 14.40 3.961 4.315 1.839 
     
0.20 0.85 1.96 2.80 3.81 4.11 
CPX 42 Mineral 92.7 2.302 14.02 3.890 4.330 1.735 
     
0.24 0.90 2.14 3.04 4.31 4.32 
CPX-0 Solution 8.37 0.039 0.126 0.031 0.073 0.032 1216.3 0.00 429.7 0.00 0.00 22.30 4.37 25.2 253.6 81.49 36.98 
CPX-14 Solution 10.2 0.140 0.002 0.001 0.001 0.000 805.9 13.14 615.0 0.51 0.00 9.88 1.41 7.93 11.74 10.93 13.74 
CPX-28 Solution 9.33 0.128 0.001 0.000 0.000 0.000 984.2 32.37 903.8 0.08 0.00 8.99 1.37 7.45 11.52 8.73 12.99 
CPX-31 Solution 9.35 0.112 0.001 0.000 0.000 0.000 883.3 26.77 1125.4 0.06 0.00 7.48 1.37 2.82 4.82 0.49 6.55 
CPX 42 Solution 10.1 0.112 0.001 0.000 0.000 0.000 852.8 32.80 1346.6 0.03 0.00 6.62 1.37 1.46 2.78     
C-1 Solution 10.86 0.28 0.0002 0.0001 0.0001 0.0001 352.2 84.62 3747 140.73 0.30 2.35 0.82 6.77 0.11 - - 
C-2 Solution 11.93 0.16 - 0.0000 - 0.0000 773.4 68.25 5390 2344 2632 3.28 1.16 0.43 0.31 - - 
C-3 Solution 4.49 0.59 0.0000 0.0000 - 0.0000 162.2 111.5 1333 130.6 0.03 2.46 0.65 4.77 0.12 - - 




C-5 Solution 11.51 0.88 0.0027 0.0004 0.0005 0.0002 1.612 - 1672 1795 0.40 0.98 0.64 5.35 0.14 - - 
C-6 Solution 13.13 0.66 - - - - 741.7 103.7 2299 <5 ppb 0.02 2.19 0.74 -0.42 -3.28 - - 
C-8 Solution 20.29 0.85 0.0005 0.0001 0.0002 0.0002 8.318 0.859 2246 230.4 0.31 1.27 0.73 2.96 0.28 - - 
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Table 3.8: Representative normalized trace element concentrations (C/C0) in 
experimental solutions (the complete data set can be found in the Appendix K). 
 
Experiment GSA (cm2/g) Temperature (°C) Time (min) pH Sr Ba Nd Sm Gd Dy Yb 
CF-22  257.0 15 0 7.2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   60 6.6 1.00 1.00 0.82 0.76 0.78 0.74 0.68 
   120 6.7 1.00 1.02 0.66 0.58 0.61 0.55 0.48 
   240 6.6 1.00 1.00 0.57 0.46 0.49 0.44 0.36 
   480 6.5 1.15 1.13 0.52 0.40 0.44 0.37 0.28 
   720 7.8 1.11 1.10 0.46 0.34 0.38 0.31 0.23 
   1200 7.7 1.09 1.06 0.36 0.25 0.29 0.22 0.15 
   1440 7.8 1.19 1.14 0.38 0.26 0.30 0.23 0.15 
   1680 7.7 1.14 1.12 0.35 0.24 0.28 0.21 0.14 
   1920 7.6 1.13 1.12 0.32 0.22 0.25 0.19 0.12 
            
CF-11 57.8 15 0 7.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   60 6.9 1.01 1.01 0.99 0.98 0.99 0.98 0.97 
   120 7.0 1.00 1.00 0.97 0.95 0.96 0.96 0.95 
   240 7.0 1.00 0.99 0.94 0.91 0.92 0.92 0.90 
   480 7.0 1.02 1.01 0.94 0.91 0.93 0.91 0.87 
   720 7.0 1.00 0.99 0.91 0.88 0.90 0.87 0.83 
   960 7.1 1.02 0.98 0.87 0.84 0.85 0.83 0.78 
   1200 6.8 1.01 0.99 0.87 0.82 0.85 0.82 0.77 
   2880 7.1 1.02 1.00 0.85 0.78 0.83 0.78 0.69 
            
CF-13 176 60 0 7.9 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   60 7.7 1.03 1.02 0.74 0.64 0.68 0.62 0.56 
   120 7.6 1.05 1.02 0.62 0.51 0.55 0.48 0.41 
   240 7.6 1.07 1.05 0.53 0.41 0.45 0.37 0.28 
   480 7.5 0.99 0.98 0.39 0.28 0.31 0.24 0.16 
   720 7.5 1.02 1.39 0.34 0.24 0.27 0.20 0.13 
   960 7.5 1.12 1.10 0.34 0.23 0.26 0.19 0.12 
   1200 7.5 1.14 1.13 0.31 0.21 0.24 0.17 0.11 
   1440 7.5 1.16 1.13 0.29 0.20 0.23 0.16 0.10 
            
CF-12 57.8 60 0 7.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   240 7.2 1.05 1.35 0.92 0.88 0.90 0.86 0.78 
   480 7.2 1.02 1.02 0.84 0.78 0.81 0.76 0.66 
   720 7.2 1.03 1.02 0.81 0.74 0.77 0.71 0.60 
   960 7.2 1.03 1.04 0.79 0.71 0.74 0.67 0.56 
   1200 7.3 1.08 1.18 0.79 0.71 0.74 0.66 0.54 
   1440 7.2 1.09 1.09 0.78 0.68 0.72 0.64 0.50 
            
CF-24  924 90 0 8.6 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   60 8.0 1.02 1.01 0.15 0.13 0.13 0.12 0.11 
   120 7.9 0.98 0.96 0.06 0.04 0.04 0.03 0.03 
   240 7.9 1.06 1.01 0.04 0.02 0.02 0.02 0.01 
   480 7.8 1.05 1.04 0.02 0.01 0.01 0.01 0.01 
   720 7.8 1.26 1.21 0.02 0.01 0.01 0.01 0.00 
   1440 7.9 1.20 1.12 0.01 0.01 0.01 0.00 0.00 
   1680 7.9 1.14 1.11 0.01 0.01 0.01 0.00 0.00 
   1920 7.8 1.19 1.18 0.01 0.00 0.00 0.00 0.00 
            
CF-19 57.8 90 0 7.0 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
   60 7.3 1.02 1.02 0.85 0.80 0.82 0.78 0.70 
   120 7.3 1.02 1.00 0.77 0.72 0.73 0.68 0.59 
   240 7.2 1.07 1.06 0.73 0.66 0.68 0.61 0.49 
   480 7.4 1.01 0.99 0.58 0.49 0.52 0.44 0.32 
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   720 7.4 1.04 1.03 0.55 0.46 0.49 0.40 0.28 
   960 7.3 1.03 1.00 0.50 0.41 0.44 0.35 0.24 
   1200 7.2 1.09 1.07 0.52 0.42 0.45 0.36 0.23 
   1440 7.5 1.06 1.03 0.46 0.36 0.39 0.30 0.19 
   2160 7.6 1.06 1.03 0.35 0.26 0.28 0.20 0.12 
   2880 7.4 1.15 1.11 0.33 0.24 0.26 0.18 0.10 
   3600 7.6 1.09 1.08 0.30 0.21 0.23 0.16 0.08 
   4320 7.6 0.97 0.95 0.25 0.17 0.19 0.13 0.07 
   5760 7.6 1.03 1.01 0.19 0.13 0.14 0.09 0.05 
   7200 7.5 1.06 1.04 0.22 0.15 0.17 0.11 0.07 
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Table 3.9: Olivine leaching and REE solution recovery (µg) 
 
 
Nd Sm Gd Dy Yb 
CF-12 start solution  0.46 0.45 0.46 0.46 0.45 
CF-12 OLV leach 0.12 0.17 0.14 0.17 0.22 
CF-12 end solution  0.36 0.30 0.33 0.29 0.23 
% Deviation from start solution -4% -6% -2% -2% 0% 
      CF-13 start solution 0.49 0.50 0.50 0.50 0.50 
CF-13 OLV leach 0.39 0.44 0.42 0.44 0.44 
CF-13 end solution  0.14 0.10 0.11 0.08 0.05 




Table 3.10: REE adsorption kinetic rate constants (Kd) 
 




Nd SD (+/-) Sm SD (+/-) Gd SD (+/-) Dy SD (+/-) Yb SD (+/-) 
CF-23 15 0-1200 -0.002100 0.000037 -0.002849 0.000041 -0.002087 0.000036 -0.002734 0.000045 -0.004307 0.000080 
CF-22 15 0-1920 -0.000712 0.000026 -0.000717 0.000017 -0.000611 0.000016 -0.000684 0.000018 -0.001487 0.000040 
CF-11 15 0-1200 -0.000122 0.000026 -0.000160 0.000026 -0.000130 0.000024 -0.000166 0.000026 -0.000221 0.000026 
CF-13 60 0-720 -0.001353 0.000040 -0.001837 0.000045 -0.001579 0.000044 -0.001609 0.000029 -0.002124 0.000037 
CF-12 60 0-1440 -0.000165 0.000023 -0.000255 0.000021 -0.000213 0.000021 -0.000285 0.000022 -0.000438 0.000021 
CF-18 60 0-3600 -0.000063 0.000008 -0.000091 0.000008 -0.000077 0.000008 -0.000109 0.000009 -0.000187 0.000009 
CF-24 90 0-240 -0.014136 0.000241 -0.017398 0.000336 -0.014498 0.000249 -0.015292 0.000276 -0.021632 0.000309 
CF-19 90 0-960 -0.000658 0.000026 -0.000869 0.000028 -0.000768 0.000026 -0.000990 0.000025 -0.001409 0.000025 
CF-17 90 0-720 -0.000365 0.000046 -0.000495 0.000041 -0.000458 0.000051 -0.000601 0.000048 -0.000916 0.000058 




Table 3.11: Surface area normalized REE adsorption kinetic rates as ln(Kd/SA) and the 














15 -1.20 0.05 -0.94 0.04 
-
1.23 0.04 -1.01 0.04 -0.52 0.04 
60 -0.44 0.06 -0.14 0.05 
-
0.29 0.06 -0.25 0.04 0.00 0.04 
90 0.21 0.04 0.40 0.04 0.23 0.04 0.27 0.04 0.61 0.03 
Frequency 
Factor 263.3 0.3 236.9 0.2 
340.
8 0.2 165.5 0.2 132.2 0.2 
Ea (kJ/mol) 16.3 0.7 15.4 0.6 16.9 0.7 14.7 0.7 13.1 0.6 
 




Table 3.12: Apparent distribution coefficients (log DREE ) compared to carbonate, bi-
carbonate stability constants and the sorption related  apparent distribution coefficients. 
 
Experiment Temperature (°C) Nd Sm Gd Dy Yb 
Gd 
anomaly DYb/DNd 
AP (unfiltered) 15 3.91 4.10 4.01 4.09 4.07 0.98 1.5 
CF-23* 15 2.91 3.18 3.11 3.23 3.37 0.97 2.9 
CF-22*  15 1.92 2.16 2.07 2.23 2.45 0.95 3.4 
CF-11* 15 0.86 1.04 0.90 1.05 1.23 0.87 2.4 
CF-21  60 3.70 3.87 3.84 4.01 4.24 0.97 3.5 
CF-13* 60 1.98 2.20 2.13 2.31 2.56 0.94 3.9 
CF-12* 60 1.07 1.27 1.20 1.36 1.60 0.91 3.4 
CF-18* 60 1.18 1.37 1.29 1.48 1.78 0.90 4.0 
HP (unfiltered) 90 3.97 4.11 4.07 4.22 4.14 0.98 1.5 
CF-24  90 3.60 3.92 3.87 4.13 4.52 0.96 8.4 
CF-19* 90 2.16 2.36 2.30 2.51 2.79 0.95 4.2 
CF-17* 90 1.68 1.86 1.77 1.96 2.23 0.93 3.5 
         Bi-carbonate stability logHCO3β1(a)  25 1.23 1.29 1.31 1.45 1.48 0.95 1.8 
Carbonate stability logCO3β1(a)  25 5.76 5.81 5.72 5.86 6.08 0.98 2.1 
LogiKFe(D) (b) 25 4.13 4.3 4.06 4.13 4.29 0.96 1.5 
Distribution coefficient (log iKFe)  pH 
7.04 1.08mM [Fe] (c) 10 5.66 5.84 5.58 5.58 5.69 0.97 1.1 
Distribution coefficient (log iKFe) pH 
7.06 0.108mM [Fe] (c) 39.3 6.3 6.53 6.25 6.36 6.58 0.97 1.9 
Distribution coefficient (logiKFe) pH 
7.13 [CO32-]T 8.10 uM (d) 
25 6.76 6.72 6.49 6.33 6.14 0.99 0.2 
Distribution coefficient (logiKFe) pH 
7.06 [CO32-]T 5.77 uM (d) 
25 6.85 6.85 6.62 6.35 6.11 0.99 0.2 
Distribution coefficient (logiKFe) pH 
7.06 [CO32-]T 5.77 uM (d) 
25 6.83 6.77 6.56 6.29 6.11 0.99 0.2 
Distribution coefficient log(Kd) on 
hydroxyapatite (e) 2 6.00 5.90 5.70 5.65 5.25 0.98 0.2 
Distribution coefficient log(Kd) on 
vernadite (MnO2) (e) 
2 5.92 5.9 5.72 5.65 5.31 0.99 0.3 
CaCO3 Partition coefficients (f) 25 3.4 3.05 2.8 2.5 1.8 0.98 0.03 
CaCO3 Adsorption coefficients (f) 25 3.6 3.55 3.5 3.2 3 1.03 0.3 
(a) Luo and Byrne (2004) their Table 2 and 3; (b) Quinn et al. (2004) from their Table 1; (c) Quinn et al (2007) from their Tables S2 
and S4; (d) Quinn et al (2006b) from their Tables F, and G;	(e) Koeppenkastrop and De Carlo (1992) was read from their figure 2; (f) 
Zhong and Mucci (1995) 






Figure 3.1: Sr, Ba, REE normalized concentrations in solution, ln(C/C0), vs. time (days) 
for the 170°C / 8bar experiments A: olivine, B: orthopyroxene, C: clinopyroxene.  All 
experiments show the removal of REE over time until they typically flatten out near 
termination.  Some noise in the REE concentrations may be related to the solutions were 
unfiltered before analysis.  The olivine and orthopyroxene experiments show Sr and Ba 
remain the same concentrations in solution.  For the clinopyroxene experiments Sr 
concentrations remain the same, however Ba concentration increase and then flatten out 
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Figure 3.2:  170°C / 8 bar clinopyroxene experiment concentration plots of Ca (A) and Si 
(B) showing a steady increase in concentration over time, possibly related to dissolution.  
Isotopes 86Sr/88Sr (C) and 145Nd/146Nd (D) plots for the same experiment showing a 
decrease in both the 86Sr/88Sr and 145Nd/146Nd for the solution (circles) and an increase in 
the 86Sr/88Sr and 145Nd/146Nd or the analyzed cpx mineral (squares).  Sr data suggest that 
even without removal (see figure 1C) the isotopes between the two-system exchange, 
while the Nd data suggest that even with overall removal from the solution (see Figure 






































































Figure 3.3:  Sr, Ba, REE normalized concentrations in solution, ln(C/C0), vs. time for 
experiments at 15°C.  A: ALG, with GSA = 28.2 cm2/g); B: CF-11, with GSA = 57.8 
cm2/g; C: CF-20, with GSA 57.8 cm2/g agitated; D: CF-22, with GSA 257cm2/g; E: CF-
23, with GSA 577 cm2/g and F: AP with GSA = 3338 cm2/g.   Y-axis scale is fixed for 
every pair of panels for clarity, but changes in the Y-axes between the panel pairs.  X-
axes change between panels corresponding with total experiment time.  Detection limit 
(DL) range is indicated in panel F for these analyses. In all cases Sr and Ba 
concentrations remain constant while REE concentrations decrease over time. Towards 
the end of the experiments, REE concentrations level off, approaching conditions of 
apparent equilibrium.  At a given time, REE concentrations are lower in experiments with 
greater surface area (e.g. compare panels C and D, E and F).   Moreover, inter-element 
REE fractionation increases with increasing surface area.  Panel F displays the detection 
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Figure 3.4:  Sr, Ba, REE normalized concentrations in solution, ln(C/C0),  vs. time for 
experiments at 60°C.  A: CF-18, with GSA = 28.2 cm2/g; B: CF-12, with GSA = 57.8 
cm2/g; C: CF-13, with GSA = 176 cm2/g; D: CF-21, with GSA = 3338cm2/g.   Y-axis 
scale is fixed for every pair of panels for clarity, but changes in the Y-axes between the 
panel pairs.  X-axes change between panels corresponding with total experiment time.  
Detection limit (DL) range is indicated in panel D for these analyses. In all cases Sr and 
Ba concentrations remain constant while REE concentrations decrease over time. 
Towards the end of the experiments, REE concentrations level off, approaching 
conditions of apparent equilibrium.  At a given time, REE concentrations are lower in 
experiments with greater surface area (e.g. compare panels C and D).   Moreover, inter-
element REE fractionation increases with increasing surface area.  Panel D displays the 
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Figure 3.5:  Sr, Ba, REE normalized concentrations in solution, ln(C/C0), vs. time for 
experiments at 90°C.  A: CF-17, with GSA = 28.2 cm2/g; B: CF-19, with GSA = 57.8 
cm2/g; C: CF-24, with GSA = 924 cm2/g; D: HP, with GSA = 3338 cm2/g.   Y-axis scale 
is fixed for every pair of panels for clarity, but changes in the Y-axes between the panel 
pairs.  X-axes change between panels corresponding with total experiment time. 
Detection limit (DL) range is indicated in panel D for these analyses.  In all cases Sr and 
Ba concentrations remain constant while REE concentrations decrease over time. 
Towards the end of the experiments, REE concentrations level off, approaching 
conditions of apparent equilibrium.  At a given time, REE concentrations are lower in 
experiments with greater surface area (e.g. compare panels C and D, E and 
F).   Moreover, inter-element REE fractionation increases with increasing surface area.  
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Figure 3.6:  Sr, Ba, REE normalized concentrations in solution, ln(C/C0), vs. time for 
experiments at 57.8 cm2/g. A: CF-11, at 15°C; B: CF-12, at 60°C; C: CF-19, at 90°C.  Y-
axis scale is fixed for all panels, x-axis scale changes between panels reflecting total time 
of the experiment. Sr and Ba concentrations remain constant while REE concentrations 
decrease in solution over time.  At a given time, REE concentrations are lower in 
experiments as temperature increases.  Moreover, inter-element REE fractionation 
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Figure 3.7:  (C/C0)-1 against time of representative experiments (A: CF-11, B: CF-12, C: 
CF-19, D: CF-23, E: CF-13, F: CF-24) for Nd and Yb to test for second order reaction 
processes. Experiments B, C, and F display a near linear trend while A, D, and E have a 
distinct concave down appearance.  The lack of a distinctive linear trend is indicative of 
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Figure 3.8:  Ln(C/C0) of Nd and Yb against time for representative experiments A: CF-11 
and B: CF-19. Experimental data for each element is treated as the combination of two 
first order reactions, an initial fast reaction (bold black line) followed by a slower 
reaction (grey dashed line).  Each segment represents an average Kd. Transition point 
selection (ΔKd) is further explained in the text, represented here as a dashed arrow. Note 
the scale for both the y- and x- axes.  
ln(C/C0) = -0.0007*time -0.124 
R² = 0.91 
ln(C/C0) = -0.0014*time - 0.272 
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Figure 3.9:  Reaction rates for representative elements A: Nd and B: Yb at 15, 60 and 
90°C against surface area (m2 x 1000).  Surface area is determined from GSA times the 
mass of olivine is each experiment.  The slope of the line connecting these data points 
effectively represents the surface area normalized kinetic constants (Kd/SA). The Kd/SA 
is used to remove the influence of surface area related reactions imposed on the 
experimental kinetic constant.  Represented errors are smaller than data points on figure.  
Kd/SA = -0.0006 
R² = 0.99 
Kd/SA = -0.0010 
R² = 0.99 
Kd/SA = -0.0019 
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Figure 3.10:  ln(Kd/SA) for each element plotted against 1000/T (K), to describe the 
Arrhenius function (ln(Kd/SA)=Ln(A)-(Ea/RT) where Ea is the activation energy of the 
reaction, R is the gas constant 8.134 JK-1mol-1 and A is the frequency factor.  Represented 
errors are smaller than data points on figure.  Furthermore the figure shows that.  
Reaction rate constants are faster for the HREE than LREE. 
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Figure 3.11:  The estimated activation energy (KJ/mol) plotted against A: Ionic radius 
(Å) (Sonke and Salters, 2006) and B: sum of the first, second and third ionization 
potentials	(eV) for Nd, Sm, Gd, Dy and Yb.  Plot A has HREE on the left and LREE on 
the right.  Near linear correlation is displayed between Ea and ionic radius with the 
exception of Gd showing a positive anomaly.  Plot B displays a near linear correlation for 
Ea and total ionization potentials for all REE where Gd has the higher Ea and second 
lowest total ionization potential and Yb has the lowest Ea and highest total ionization 
potential.  








36 38 40 42 44 







































Figure 3.12:  Reaction rate constants (Kd) plotted against apparent distribution coefficient 
(DREE) for CF-11, CF-12, CF-19 with GSA 57.8 cm2/g at 15, 60 90°C respectively.  The 
Kd and DREE show a linear correlation for the three temperatures.  Gd displays anomalous 
behavior falling between Nd and Sm for both the determined Kd and DGd rather than 
between Sm and Dy. 
  
GSA: 57.8 cm2/g 

















































































Figure 3.13:  Inter-element fractionation plotted on the y-axis as DYb/DNd for select 
experiments at 15°C (blue circles), 60°C (red squares), and 90°C (green diamonds) as a 
function of the Gd anomaly logDGd/Gd*.  Experimental data of this study are also 
combined with experimentally determined Log (βYb/βNd) stability constants for bi-
carbonate (HCO32+: star) and carbonate (CO3+: X-symbol) from Luo and Byrne, 2004 
(L&B ’04) and equilibrium distribution coefficients (open diamonds) for FeOH3 (Deq) 
from Quinn et al, 2004 (Q’04), Quinn et al, 2006b (Q’06b), Quinn et al., 2007 (Q’07 a, 
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Figure 3.14:  Mg/Ca(n) in solutions of the experiments CF-11, CF-12, CF-19 with (GSA 
57.8 cm2/g at 15, 60 90°C respectively), where Mg/Ca(n) is the final concentration for Mg 
and Ca normalized to the starting concentration. Over time Mg/Ca(n) shows no variation, 
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Figure 3.13:  REE speciation models for representative Nd, Gd, and Yb assuming 
atmospheric fCO2 conditions at 15, 60, and 90°C with a pH range of 5-9.  At the 
experimental pH range of 7-7.5, A) for 15°C the REE exist as REE(CO3)+ and free metal 
REE3+,for B) and C) 60 and 90°C respectively the speciation of dissolved REE transitions 
from carbonate dominated to hydroxyl (REE(OH)2+) dominated.  Species reported are 
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APPENDIX B – SAMPLE LOCATIONS 
 
 
Sample locations along the SWIR from Mallick et al. (2015) 
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Fig. 1. Bathymetric map of the Southwest Indian Ridge (9–25◦E) modified from Standish et al. (2008), showing the location of basalts and peridotites reported here. Red 
arrows and numbers mark the direction and magnitude of the half spreading rate and black arrows the effective half spreading rate perpendicular to the ridge. The segment 
from 10 to 16◦E is oblique to the spreading direction, while the segment from 16 to 25◦E is orthogonal to the spreading direction. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of this article.)
Prior to dissolution, the hand-picked cpx were leached first 
with a 6N HCl:0.2N HF acid mixture for 30 min in a sonic 
bath, rinsed with 18 M! H2O and leached again with 6N HCl 
overnight at room temperature. After rinsing several times with 
18 M! H2O, the leached cpx was dissolved in sub-boiling dis-
tilled HF:HNO3 (3:1) acid. After dissolution the sample was picked 
up repeatedly with 6N HCl and dried down. During the last dry 
down step the samples are treated with a mixture of 6N HCL 
and boric acid (Claude-Ivanaj et al., 1998; Koornneef et al., 2010;
Stracke et al., 2011). Early tests showed that the addition of boric 
acid in the dry down step significantly improved the Hf chemistry 
yields, as F has a high affinity for B and prevents the formation 
of insoluble Ca–Mg fluorides. Hf was separated from the matrix 
on an Ln resin (50–100 µm; Eichrom Technologies) following a 
slightly modified procedure initially described in Münker et al.
(2001). The four basalts were leached with 2.5N HCl prior to dis-
solution.
The Hf isotope ratios were determined on a Thermo Scien-
tific NEPTUNE MC-ICP-MS. Hafnium was introduced to the mass 
spectrometer with a PFA 100 µl nebulizer coupled with Elemen-
tal Scientific Inc. APEX introduction system. The mass spectrom-
eter was equipped with an X-skimmer cone and an H-sampler 
cone. The instrument sensitivity for Hf during our analyses was 
∼700–800 V/ppm. 176Hf/177Hf ratios are corrected for mass frac-
tionation using 179Hf/177Hf = 0.7325. The Hf standard JMC-475 of 
25 ng and 7 ng yielded an average 176Hf/177Hf = 0.282142 ± 8 (2 
standard deviations, n = 14) and 176Hf/177Hf = 0.282118 ± 18 (2 
standard deviations, n = 8) respectively. The procedural blank for 
Hf was below 50 pg. Additional details of the analytical techniques 
and instrumentation can be found in Khanna et al. (2014).
Basalt glasses were handpicked and crushed in a tungsten/car-
bide shaker using agate beads. Sample powders were leached with 
cold 6N HCl and then rinsed with deionized water prior to dis-
solution. Nd and Hf column chemistry was performed using a 
hand-packed Ln resin column (50–100 µm). Nd and Hf isotopic 
compositions were measured on a Thermo Scientific NEPTUNE at 
Woods Hole Oceanographic Institution and Hf isotopic composi-
tions are measured both by Thermo Scientific NEPTUNE at Woods 
Hole Oceanographic Institution and at the National High Magnetic 
Field Laboratory, Florida State University using HOT-SIMS technique 
(Salters, 1994; Bizimis et al., 2004). Detailed sample processing 
details can be found in Standish (2006). All 176Hf/177Hf of our 
samples measured at USC, FSU and WHOI are reported relative to 
JMC-475 176Hf/177Hf = 0.282160. 143Nd/144Nd of basalts are re-
ported relative to La Jolla 143Nd/144Nd = 0.511850.
The Hf-isotope compositions of the SWIR peridotite cpx are 
reported in Table 1. The isotope ratios were corrected for radio-
genic ingrowth following Warren et al. (2009). This age correction 
takes into account radiogenic ingrowth due to upwelling time of 
the peridotite above a hypothetical closure temperature of 1200 ◦C, 
and the distance of the sample from the ridge axis. The correc-
tion results in maximum 1.2 εHf (average 0.9 εHf) and <1 εNd
(average 0.6 εNd) unit correction and is largely insignificant to 
our conclusions. In the remainder of the paper we use these age-
corrected ratios for the cpx. No age correction is applied to the 
isotopic compositions of the basalts.
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Comment Si Ti Al
VAN	7-78-36H VAN	7-78-36H
OPX OPX	a
OPX	b 6.00 1.91 0.00 0.19
Plagioclase 8.00 2.05 0.00 1.43








Serpentine	a After	Olivine 7.00 1.99 0.00 0.02
Serpentine	b After	OPX 7.00 1.93 0.01 0.10
Serpentine	c After	OPX 7.00 1.99 0.00 0.05
Serpentine	d After	OPX 7.00 1.93 0.01 0.10
Serpentine	e After	Olivine 7.00 1.99 0.00 0.03
Serpentine After	Olivine 7.00 1.99 0.00 0.06
Serpentine	a After	Olivine 7.00 2.00 0.00 0.03
Serpentine	b After	Olivine 7.00 2.00 0.00 0.03
Serpentine After	Olivine 7.00 2.01 0.00 0.03
Serpentine	a After	Olivine 7.00 2.00 0.00 0.03
Serpentine	b After	Olivine 7.00 2.02 0.00 0.02
Serpentine	c After	OPX 7.00 1.95 0.01 0.08
Serpentine	d After	Olivine 7.00 2.02 0.00 0.02
VAN	7-78-39 VAN	7-78-39
CPX CPX 6.00 1.88 0.00 0.22
CPX 6.00 1.82 0.00 0.16
CPX 6.00 1.85 0.00 0.23
CPX 6.00 1.84 0.00 0.25







OPX	b 6.00 1.86 0.00 0.21
OPX 6.00 1.93 0.00 0.20
OPX 6.00 1.95 0.00 0.17
OPX 6.00 1.87 0.00 0.12
OPX 6.00 1.88 0.00 0.06
OLV Olivine 8.00 2.02 0.00 0.00
SERP Serpentine	a After	Olivine 7.00 2.02 0.00 0.02
Serpentine	b After	Olivine 7.00 2.04 0.00 0.01
Serpentine	a After	Olivine 7.00 2.02 0.00 0.01
Serpentine	b After	Olivine 7.00 2.01 0.00 0.09
Serpentine	c After	OPX 7.00 2.05 0.00 0.08
Serpentine	Vein	a After	OPX 7.00 2.00 0.00 0.01
Serpentine	Vein	b After	Olivine 7.00 1.92 0.00 0.00
Serpentine	Vein	c After	Olivine 7.00 2.00 0.00 0.02
Serpentine	Vein	d After	Olivine 7.00 2.03 0.00 0.01
Serpentine After	Olivine 7.00 2.03 0.00 0.01
FeO Serpentine	+	FeO 4.00 0.90 0.00 0.01
FeO 4.00 0.52 0.00 0.01
Spinel 4.00 0.08 0.02 0.59
VAN	7-78-41 VAN	7-78-41
CPX CPX 6.00 1.84 0.00 0.10
CPX 6.00 1.84 0.01 0.13
OPX OPX	a 6.00 1.98 0.00 0.08
OPX	b 6.00 1.95 0.00 0.12
OPX 6.00 1.95 0.00 0.11
OPX 6.00 1.96 0.00 0.08
OPX 6.00 1.81 0.01 0.09
Plag Plagioclase	1 8.00 1.90 0.00 1.73
Plagioclase	2 8.00 2.00 0.00 1.42
Serp Serpentine After	OPX 7.00 1.92 0.00 0.11
Serpentine After	OPX 7.00 1.92 0.00 0.10
Serpentine After	Olivine 7.00 2.01 0.00 0.04
Serpentine After	Olivine 7.00 1.97 0.00 0.03
Serpentine After	Olivine 7.00 1.97 0.00 0.01
Serpentine After	Olivine 7.00 1.97 0.00 0.03
Serpentien After	Olivine 7.00 2.02 0.00 0.02
Serpentine After	OPX 7.00 2.02 0.00 0.03






Serpentine After	OPX 7.00 2.02 0.00 0.09
Serpentine After	OPX 7.00 2.00 0.00 0.09
Serpentine After	OPX 7.00 2.04 0.00 0.07
Spinel Spinel 4.00 0.07 0.02 0.55
FeO FeO 4.00 0.70 0.00 0.05
VAN	7-85-42 VAN	7-85-42
CPX CPX 6.00 1.80 0.00 0.39
CPX 6.00 1.81 0.00 0.32
CPX
OPX OPX	a 6.00 1.95 0.00 0.19
OPX	b 6.00 2.00 0.00 0.20
OPX	c
OPX
OLV Weathered	Olivine 4.00 1.06 0.00 0.00
Weathered	Olivine 4.00 1.10 0.00 0.00
Weathered	Olivine 4.00 1.09 0.00 0.01
Alt	CPX Serpentine	Vein
Serpentine	Vein
Serpentine Serpentine	a After	OPX 7.00 1.96 0.00 0.08
Serpentine	b After	Olivine 7.00 1.98 0.00 0.00
Serpentine	c After	Olivine 7.00 2.00 0.00 0.00
Serpentine	d After	Olivine 7.00 1.99 0.00 0.01
Serpentine	e After	Olivine 7.00 2.02 0.00 0.07
Serpentine After	OPX
Serpentine	a After	Olivine
Serpentine	b After	Olivine 7.00 1.99 0.00 0.00
Serpentine	a After	OPX 7.00 2.07 0.00 0.17
Serpentine	b After	OPX 7.00 1.99 0.00 0.16
Serpentine After	Olivine 7.00 1.96 0.00 0.05
VAN	7-85-43 VAN	7-85-43
CPX CPX	a 6.00 1.88 0.00 0.29
CPX	b 6.00 1.81 0.00 0.37
CPX	a 6.00 1.83 0.00 0.33
CPX	b 6.00 1.86 0.00 0.23
OPX OPX	a 6.00 1.86 0.00 0.33
OPX	b 6.00 1.86 0.00 0.38
85-43	Alt	OPX	n	











Serpentine	a After	Olivine 7.00 2.00 0.00 0.02
Serpentine	b After	Olivine 7.00 1.98 0.00 0.03
Serpentine	c After	Olivine 7.00 1.96 0.00 0.01
Serpentine	d After	Olivine 7.00 1.99 0.00 0.01
Serpentine	e After	Olivine 7.00 1.97 0.00 0.01
Serpentine	f After	Olivine 7.00 1.99 0.00 0.01
Serpentine	g After	Olivine 7.00 1.98 0.00 0.02
Serpentine	a After	Olivine 7.00 1.99 0.00 0.01
Serpentine	b After	Olivine 7.00 1.91 0.00 0.11
ALT	CPX Serpentine




Serpentine	a 7.00 2.00 0.00 0.14
Serpentine	b 7.00 2.01 0.00 0.04
Serpentine	c 7.00 2.01 0.00 0.05
Oxide FeO 4.00 0.58 0.00 0.02
VAN	7-85-47 VAN	7-85-47
CPX CPX 6.00 1.86 0.00 0.25
CPX 6.00 1.85 0.00 0.26
CPX	a 6.00 1.85 0.00 0.25
CPX	b 6.00 1.85 0.00 0.24
CPX	a 6.00 1.82 0.00 0.26
CPX	b 6.00 1.92 0.00 0.21
OPX OPX 6.00 1.94 0.00 0.19
OPX 6.00 1.93 0.00 0.19
OlV
Weathered	Olivine	
a 6.00 1.54 0.00 0.00
Weathered	Olivine	
b 6.00 1.54 0.00 0.00
Weathered	Olivine 6.00 1.52 0.00 0.00





Serpentine After	Olivine 7.00 2.04 0.00 0.03
Serpentine	a After	Olivine 7.00 2.01 0.00 0.00
Serpentine	b After	Olivine 7.00 2.08 0.00 0.00
Serpentine	c After	Olivine 7.00 2.04 0.00 0.00
Serpentine After	Olivine 7.00 1.96 0.00 0.00
Serpentine	Vein	a After	OPX 7.00 2.13 0.00 0.07
Serpentine	Vein	b After	OPX 7.00 1.95 0.00 0.13
Serpentine After	Olivine 7.00 2.01 0.00 0.04
Spinel Spinel 4.00 0.11 0.00 1.73




   
Cr Fe Mn Ni Mg Ca Na H Total
(Mg+Fe)
/Si Mg#
0.00 0.19 0.00 0.00 1.62 0.07 0.00 0.00 3.99 0.95 0.896
0.00 0.01 0.00 0.00 0.03 1.71 0.00 0.00 5.24 0.02 0.749
0.00 0.00 0.00 0.00 0.01 1.62 0.01 0.00 5.15 0.01 0.682
0.00 0.15 0.00 0.01 2.83 0.00 0.00 1.02 5.00 1.50 0.949
0.00 0.23 0.01 0.01 2.73 0.00 0.00 1.04 5.02 1.54 0.922
0.00 0.14 0.00 0.01 2.80 0.00 0.00 1.02 4.99 1.48 0.954
0.00 0.26 0.01 0.01 2.68 0.00 0.00 1.04 5.01 1.52 0.911
0.00 0.11 0.00 0.01 2.85 0.00 0.00 1.02 4.99 1.49 0.964
0.00 0.13 0.00 0.01 2.79 0.00 0.00 1.02 4.98 1.47 0.957
0.00 0.19 0.00 0.01 2.74 0.00 0.00 1.03 4.98 1.47 0.934
0.00 0.22 0.00 0.01 2.73 0.00 0.00 1.03 4.99 1.48 0.926
0.00 0.15 0.00 0.01 2.77 0.00 0.00 1.02 4.97 1.45 0.948
0.00 0.16 0.00 0.01 2.78 0.00 0.00 1.02 4.99 1.47 0.946
0.00 0.12 0.00 0.01 2.79 0.00 0.00 1.02 4.97 1.44 0.959
0.00 0.20 0.01 0.01 2.74 0.00 0.00 1.03 5.00 1.51 0.931
0.00 0.14 0.00 0.01 2.78 0.00 0.00 1.02 4.97 1.44 0.953
0.00 0.10 0.00 0.00 0.96 0.83 0.00 0.00 4.00 0.56 0.907
0.00 0.15 0.00 0.00 1.44 0.51 0.00 0.00 4.10 0.87 0.906
0.00 0.12 0.00 0.00 1.06 0.76 0.00 0.00 4.03 0.64 0.899
0.00 0.11 0.00 0.00 0.96 0.86 0.00 0.00 4.03 0.58 0.899




   
0.00 0.19 0.00 0.00 1.69 0.07 0.00 0.00 4.03 1.01 0.900
0.00 0.19 0.00 0.00 1.58 0.06 0.00 0.00 3.97 0.92 0.893
0.00 0.19 0.00 0.00 1.59 0.06 0.00 0.00 3.97 0.91 0.894
0.00 0.21 0.00 0.00 1.85 0.00 0.00 0.00 4.06 1.10 0.899
0.00 0.24 0.00 0.00 1.89 0.00 0.00 0.00 4.08 1.13 0.887
0.00 0.72 0.01 0.01 3.22 0.00 0.00 0.00 5.98 1.95 0.817
0.00 0.27 0.00 0.01 2.65 0.00 0.00 1.04 4.97 1.45 0.908
0.00 0.28 0.00 0.01 2.62 0.00 0.00 1.04 4.96 1.42 0.905
0.00 0.25 0.00 0.01 2.69 0.00 0.00 1.03 4.98 1.46 0.916
0.00 0.38 0.01 0.01 2.45 0.00 0.00 1.05 4.95 1.41 0.867
0.00 0.29 0.00 0.01 2.47 0.00 0.00 0.00 4.91 1.35 0.896
0.00 0.41 0.01 0.01 2.56 0.00 0.00 1.06 4.99 1.48 0.863
0.00 0.34 0.00 0.01 2.79 0.00 0.00 1.05 5.07 1.62 0.892
0.00 0.27 0.00 0.01 2.68 0.00 0.00 1.04 4.99 1.48 0.908
0.00 0.26 0.00 0.01 2.65 0.00 0.00 1.03 4.96 1.43 0.912
0.00 0.31 0.00 0.01 2.59 0.00 0.00 1.04 4.96 1.42 0.893
0.00 0.92 0.01 0.01 1.25 0.00 0.00 0.00 3.10 2.41 0.577
0.00 2.22 0.02 0.00 0.71 0.00 0.00 0.00 3.47 5.60 0.242
1.07 0.96 0.01 0.00 0.34 0.00 0.00 0.00 3.07 15.51 0.262
0.00 0.09 0.00 0.00 0.97 1.10 0.00 0.00 4.11 0.58 0.917
0.00 0.09 0.00 0.00 0.92 1.10 0.00 0.00 4.09 0.55 0.912
0.00 0.20 0.00 0.00 1.64 0.07 0.00 0.00 3.98 0.93 0.893
0.00 0.20 0.00 0.00 1.64 0.07 0.00 0.00 3.99 0.94 0.890
0.00 0.19 0.00 0.00 1.58 0.16 0.00 0.00 3.99 0.91 0.892
0.00 0.21 0.01 0.00 1.70 0.03 0.00 0.00 4.00 0.98 0.888
0.02 0.15 0.01 0.00 2.03 0.00 0.00 0.00 4.12 1.20 0.932
0.00 0.05 0.01 0.00 0.23 1.33 0.00 0.00 5.24 0.14 0.827
0.00 0.02 0.00 0.00 0.17 1.68 0.00 0.00 5.29 0.09 0.911
0.00 0.15 0.01 0.00 2.82 0.00 0.00 1.02 5.02 1.55 0.949
0.00 0.14 0.01 0.00 2.85 0.00 0.00 1.02 5.03 1.55 0.952
0.00 0.07 0.00 0.01 2.82 0.00 0.00 1.01 4.97 1.44 0.974
0.00 0.13 0.00 0.01 2.87 0.00 0.00 1.02 5.02 1.53 0.956
0.00 0.18 0.00 0.01 2.85 0.00 0.00 1.03 5.03 1.54 0.939
0.00 0.09 0.00 0.02 2.90 0.00 0.00 1.02 5.01 1.52 0.968
0.00 0.08 0.00 0.02 2.84 0.00 0.00 1.01 4.97 1.44 0.974
0.00 0.08 0.01 0.01 2.80 0.00 0.00 1.01 4.96 1.42 0.972
0.00 0.36 0.01 0.01 2.43 0.02 0.00 1.05 4.96 1.44 0.870
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   0.00 0.27 0.01 0.01 2.54 0.01 0.00 1.03 4.94 1.39 0.903
0.00 0.26 0.01 0.00 2.59 0.01 0.00 1.03 4.96 1.43 0.910
0.00 0.29 0.01 0.00 2.43 0.06 0.00 1.04 4.92 1.33 0.892
1.13 1.01 0.01 0.00 0.28 0.00 0.00 0.00 3.07 18.22 0.218
0.05 1.71 0.00 0.00 0.75 0.00 0.00 0.00 3.25 3.51 0.304
0.06 0.09 0.01 0.00 0.72 0.90 0.00 0.00 3.98 0.45 0.885
0.06 0.08 0.00 0.00 0.75 0.94 0.06 0.00 4.03 0.46 0.907
0.03 0.17 0.01 0.01 1.49 0.11 0.00 0.00 3.95 0.86 0.895
0.02 0.10 0.00 0.01 1.55 0.00 0.00 0.00 3.89 0.82 0.939
0.00 0.26 0.01 0.01 1.61 0.00 0.00 0.00 2.94 1.77 0.863
0.00 0.26 0.00 0.01 1.53 0.00 0.00 0.00 2.90 1.63 0.856
0.00 0.22 0.00 0.01 1.57 0.00 0.00 0.00 2.90 1.64 0.876
0.00 0.35 0.00 0.01 2.58 0.00 0.00 1.05 5.00 1.50 0.880
0.00 0.31 0.00 0.01 2.70 0.00 0.00 1.05 5.02 1.52 0.896
0.00 0.27 0.00 0.01 2.70 0.00 0.00 1.04 5.00 1.48 0.908
0.00 0.29 0.00 0.01 2.69 0.00 0.00 1.04 5.00 1.50 0.902
0.00 0.32 0.00 0.01 2.52 0.01 0.00 1.04 4.95 1.41 0.886
0.00 0.27 0.00 0.01 2.72 0.00 0.00 1.04 5.01 1.50 0.909
0.00 0.28 0.00 0.01 2.27 0.03 0.00 1.03 4.84 1.23 0.892
0.00 0.29 0.01 0.01 2.47 0.01 0.00 1.04 4.93 1.39 0.895
0.00 0.29 0.00 0.01 2.70 0.00 0.00 1.04 5.02 1.52 0.903
0.06 0.00 0.00 0.00 0.71 1.01 0.00 0.00 3.95 0.38 1.000
0.05 0.12 0.00 0.00 1.01 0.62 0.00 0.00 3.98 0.62 0.893
0.08 0.08 0.00 0.01 0.88 0.76 0.00 0.00 3.97 0.53 0.913
0.05 0.10 0.00 0.00 0.95 0.80 0.00 0.00 3.99 0.56 0.908
0.04 0.18 0.01 0.00 1.47 0.06 0.00 0.00 3.96 0.89 0.890
0.04 0.18 0.01 0.00 1.44 0.03 0.00 0.00 3.93 0.87 0.890
0.04 0.19 0.00 0.01 1.48 0.03 0.00 0.00 3.95 0.90 0.886
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   0.00 0.24 0.00 0.01 1.69 0.00 0.00 0.00 2.97 1.88 0.876
0.00 0.28 0.00 0.01 2.66 0.00 0.00 1.04 4.99 1.47 0.904
0.00 0.29 0.00 0.01 2.70 0.00 0.00 1.04 5.01 1.51 0.904
0.00 0.35 0.00 0.01 2.70 0.00 0.00 1.05 5.04 1.56 0.885
0.00 0.25 0.00 0.01 2.74 0.00 0.00 1.04 5.00 1.50 0.917
0.00 0.32 0.00 0.01 2.71 0.00 0.00 1.05 5.03 1.54 0.894
0.00 0.30 0.00 0.01 2.69 0.00 0.00 1.04 5.01 1.51 0.899
0.00 0.28 0.00 0.01 2.72 0.00 0.00 1.04 5.01 1.51 0.907
0.00 0.30 0.00 0.01 2.68 0.00 0.00 1.04 5.00 1.49 0.900
0.00 0.24 0.00 0.01 2.76 0.00 0.00 1.04 5.03 1.57 0.919
0.00 0.30 0.00 0.02 2.62 0.00 0.00 1.04 4.99 1.47 0.898
0.00 0.18 0.00 0.00 2.59 0.01 0.00 1.02 4.93 1.38 0.936
0.00 0.37 0.00 0.01 2.52 0.01 0.00 1.05 4.97 1.44 0.873
0.00 0.38 0.00 0.02 2.50 0.00 0.00 1.05 4.96 1.43 0.869
0.00 1.95 0.05 0.01 0.80 0.00 0.00 0.00 3.41 4.75 0.292
0.00 0.11 0.00 0.00 1.03 0.76 0.00 0.00 4.01 0.61 0.903
0.00 0.11 0.00 0.00 1.02 0.76 0.00 0.00 4.02 0.61 0.901
0.00 0.11 0.00 0.00 0.99 0.81 0.00 0.00 4.02 0.59 0.901
0.00 0.09 0.00 0.00 0.92 0.92 0.00 0.00 4.03 0.55 0.908
0.00 0.11 0.00 0.00 1.03 0.80 0.00 0.00 4.04 0.63 0.900
0.00 0.11 0.00 0.00 0.93 0.78 0.00 0.00 3.96 0.54 0.898
0.00 0.18 0.00 0.00 1.59 0.07 0.00 0.00 3.97 0.91 0.900
0.00 0.18 0.00 0.00 1.59 0.06 0.00 0.00 3.97 0.92 0.899
0.00 0.31 0.01 0.01 2.57 0.02 0.00 0.00 4.46 1.88 0.891
0.00 0.31 0.00 0.01 2.59 0.00 0.00 0.00 4.46 1.88 0.893
0.00 0.31 0.00 0.01 2.63 0.00 0.00 0.00 4.48 1.93 0.894
0.00 0.23 0.00 0.00 2.31 0.03 0.00 1.02 4.83 1.22 0.909
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0.00 0.35 0.00 0.01 2.51 0.01 0.00 1.04 4.95 1.40 0.878
0.00 0.31 0.00 0.01 2.66 0.00 0.00 1.04 4.99 1.48 0.897
0.00 0.30 0.00 0.01 2.52 0.00 0.00 1.04 4.92 1.36 0.892
0.00 0.33 0.00 0.01 2.52 0.05 0.00 1.05 4.96 1.39 0.885
0.00 0.34 0.00 0.01 2.68 0.04 0.00 1.05 5.04 1.54 0.887
0.00 0.30 0.00 0.01 2.32 0.01 0.00 1.03 4.84 1.23 0.886
0.00 0.38 0.00 0.01 2.50 0.01 0.00 1.05 4.98 1.48 0.868
0.00 0.34 0.00 0.01 2.56 0.00 0.00 1.04 4.97 1.44 0.883
0.00 0.30 0.00 0.01 0.88 0.00 0.00 0.00 3.03 11.18 0.748
0.00 0.31 0.00 0.01 0.81 0.00 0.00 0.00 3.04 379.72 0.725
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APPENDIX D: SINGLE POINT MAJOR AND TRACE ELEMENT 
CONCENTRATIONS LASER ABLATION ICP-MS 
  
Comment SiO2 TiO2 Al2O3 Cr2O3
VAN	7-78-36H wt% wt% wt% wt%
CPX@ 53.93 0.29 2.04 0.70
OPX OPX	a
OPX	b 55.27 0.07 4.74
Plagioclase 41.75 0.05 24.86 0.00








Serpentine	a After	Olivine 42.13 0.02 0.39
Serpentine	b After	OPX 40.38 0.16 1.69
Serpentine	c After	OPX 42.25 0.04 0.86
Serpentine	d After	OPX 40.35 0.26 1.75
Serpentine	e After	Olivine 42.52 0.02 0.48
Serpentine After	Olivine 42.40 0.01 1.10
Serpentine	a After	Olivine 42.27 0.02 0.60
Serpentine	b After	Olivine 42.10 0.01 0.47
Serpentine After	Olivine 42.78 0.01 0.50
Serpentine	a After	Olivine 42.37 0.02 0.60
Serpentine	b After	Olivine 43.21 0.02 0.37
Serpentine	c After	OPX 41.06 0.15 1.42
Serpentine	d After	Olivine 43.07 0.02 0.38
VAN	7-78-39
CPX CPX 52.03 0.16 5.15
CPX 50.73 0.13 3.69
CPX 51.12 0.16 5.38
CPX 50.57 0.15 5.84
CPX@ 52.54 0.28 3.07 1.09
OPX OPX	a 55.07 0.08 4.86
OPX	b 53.62 0.08 5.06
OPX 55.95 0.07 4.84





OPX 53.87 0.05 2.92 0.04
OPX 53.75 0.05 1.55 0.09
OLV Olivine 39.79 0.00 0.04
Serpentine	c 42.99 0.00 1.47
SERP Serpentine	a After	Olivine 42.24 0.00 0.35
Serpentine	b After	Olivine 42.67 0.00 0.21
Serpentine	a After	Olivine 42.36 0.00 0.15
Serpentine	b After	OPX 41.54 0.05 1.65
Serpentine	Vein	a After	OPX 41.10 0.04 0.13
Serpentine	Vein	b After	Olivine 39.63 0.00 0.08
Serpentine	Vein	c After	Olivine 41.77 0.01 0.39
Serpentine	Vein	d After	Olivine 42.70 0.00 0.09
Serpentine After	Olivine 42.45 0.00 0.20
FeO Serpentine	+	FeO 31.30 0.00 0.22
FeO 14.20 0.00 0.17
Spinel 2.51 0.79 14.89 40.33
VAN	7-78-41
CPX CPX 49.44 0.17 2.18
CPX 49.52 0.21 2.89
CPX@ 52.87 0.22 4.22 1.08
OPX OPX	a 57.22 0.09 1.90
OPX	b 56.33 0.09 2.86
OPX 55.97 0.10 2.56
OPX 56.44 0.08 2.02
OPX 52.07 0.32 2.19 0.79
Plag Plagioclase	1 39.27 0.01 30.38
Plagioclase	2 40.73 0.00 24.58
Serp Serpentine After	OPX 40.58 0.10 2.05
Serpentine After	OPX 40.76 0.09 1.74
Serpentine After	Olivine 43.24 0.00 0.77
Serpentine After	Olivine 41.79 0.00 0.58
Serpentine After	Olivine 41.48 0.00 0.21
Serpentine After	Olivine 42.07 0.01 0.48
Serpentien After	Olivine 43.39 0.00 0.34
Serpentine After	OPX 43.48 0.00 0.63
Serpentine After	OPX 40.21 0.09 3.29





Serpentine After	OPX 41.98 0.05 1.57
Serpentine After	OPX 42.70 0.07 1.27
Spinel Spinel 2.08 0.70 13.83 42.10
FeO FeO 20.89 0.03 1.20 1.77
VAN	7-85-42
CPX CPX 49.20 9.12 2.14
CPX 49.31 7.46 2.10
CPX
CPX§ 51.65 0.22 6.28 1.08
OPX OPX	a 56.25 4.54 0.97
OPX	b 59.15 5.11 0.76
OPX	c
OPX
OLV Weathered	Olivine 42.81 0.00 0.04
Weathered	Olivine 44.89 0.00 0.05
Weathered	Olivine 44.89 0.01 0.34
Alt	CPX Serpentine	Vein
Serpentine	Vein
Serpentine Serpentine	a After	OPX 40.48 0.04 1.48
Serpentine	b After	Olivine 41.15 0.00 0.03
Serpentine	c After	Olivine 41.86 0.00 0.03
Serpentine	d After	Olivine 41.49 0.00 0.19
Serpentine	e After	Olivine 42.05 0.02 1.25
Serpentine After	OPX
Serpentine	a After	Olivine
Serpentine	b After	Olivine 41.58 0.00 0.02
Serpentine	a After	OPX 43.84 0.08 3.10
Serpentine	b After	OPX 41.66 0.07 2.91
Serpentine After	Olivine 40.76 0.02 0.86
VAN	7-85-43
CPX CPX	a 52.07 6.70 1.93
CPX	b 50.32 8.64 1.92
CPX	a 50.46 7.67 2.91
CPX	b 51.41 5.41 1.84
CPX@ 51.79 0.17 6.33 1.13
OPX OPX	a 53.61 8.11 1.46




   
OPX 53.59 8.75 1.30





Serpentine	a After	Olivine 41.84 0.00 0.35
Serpentine	b After	Olivine 41.26 0.01 0.47
Serpentine	c After	Olivine 40.38 0.00 0.11
Serpentine	d After	Olivine 41.78 0.00 0.15
Serpentine	e After	Olivine 40.74 0.00 0.23
Serpentine	f After	Olivine 41.32 0.00 0.16
Serpentine	g After	Olivine 41.32 0.00 0.32
Serpentine	a After	Olivine 41.53 0.00 0.20
Serpentine	b After	Olivine 39.95 0.00 1.93
ALT	CPX Serpentine




Serpentine	a 42.64 0.04 2.53
Serpentine	b 41.58 0.02 0.75
Serpentine	c 41.57 0.01 0.92
Oxide FeO 16.37 0.00 0.47
VAN	7-85-47
CPX CPX 51.40 0.15 5.97
CPX 51.15 0.15 6.08
CPX	a 51.08 0.16 5.87
CPX	b 50.61 0.18 5.54
CPX	a 50.22 0.16 6.18
CPX	b 53.52 0.15 5.05
CPX§ 51.54 0.22 6.31 1.07
OPX OPX 56.14 0.07 4.71
OPX 56.05 0.07 4.68
OlV Weathered	Olivine	a 41.74 0.00 0.04
Weathered	Olivine	b 41.94 0.00 0.02




@ From Mallick, S. et al. (2014)  
§ From Warren et al (2009)
   
Serp Serpentine	Vein After	OPX 44.14 0.05 3.24
Serpentine After	Olivine 42.33 0.01 0.50
Serpentine	a After	Olivine 41.78 0.00 0.01
Serpentine	b After	Olivine 43.58 0.00 0.05
Serpentine	c After	Olivine 42.40 0.00 0.03
Serpentine After	Olivine 40.35 0.00 0.08
Serpentine	Vein	a After	OPX 44.80 0.02 1.19
Serpentine	Vein	b After	OPX 40.24 0.02 2.29
Serpentine After	Olivine 41.75 0.01 0.78
Spinel Spinel 4.16 0.07 57.85







   
FeO(t) MnO NiO MgO CaO Na2O H2O Total	(%) Sc Ti
wt% wt% wt% wt% wt% wt% wt% ug/g ug/g
2.23 0.08 16.92 24.18 0.26
32.386 890.167
6.49 0.14 0.09 31.41 1.78 100 34.319 990.980
0.22 0.05 0.00 0.37 32.66 0.04 100 0.411 303.168








3.84 0.05 0.31 40.24 0.02 13.00 87 5.178 104.487
5.79 0.18 0.33 38.41 0.07 13.00 87 26.841 970.267
3.45 0.10 0.27 39.99 0.04 13.00 87 15.038 237.778
6.55 0.20 0.24 37.57 0.07 13.00 87 29.870 1627.120
2.73 0.05 0.33 40.84 0.02 13.00 87 5.509 138.452
3.21 0.06 0.30 39.89 0.03 13.00 87 4.606 50.557
4.90 0.08 0.22 38.90 0.03 13.00 87 4.621 95.022
5.52 0.07 0.18 38.63 0.02 13.00 87 4.149 53.066
3.89 0.05 0.24 39.51 0.03 13.00 87 5.143 65.034
4.03 0.07 0.23 39.64 0.03 13.00 87 4.749 107.810
3.07 0.06 0.30 39.94 0.02 13.00 87 5.640 102.022
5.10 0.17 0.36 38.68 0.05 13.00 87 21.698 944.218
3.48 0.06 0.26 39.71 0.03 13.00 87 7.065 120.154
3.23 0.10 0.06 17.80 21.47 100 54.809 979.321
4.99 0.09 0.11 26.97 13.28 100 43.952 796.890
3.95 0.10 0.08 19.66 19.55 100 49.553 961.083
3.54 0.11 0.05 17.73 22.01 100 49.538 894.610
2.53 0.08 16.00 23.10 0.48
6.38 0.14 0.09 31.42 1.97 100 31.102 468.719
6.48 0.14 0.10 32.54 1.98 100 32.582 474.169
6.55 0.14 0.10 30.80 1.55 100 30.694 402.779




   
7.17 0.05 0.14 35.74 0.03 0.00 100 8.807 282.718
8.18 0.06 0.16 36.13 0.02 0.00 100 10.848 306.836
16.98 0.18 0.36 42.62 0.04 100 2.744 8.450
7.19 0.10 0.36 34.79 0.08 87 4.299 32.267
6.74 0.07 0.32 37.26 0.03 13.00 87 3.180 9.159
6.90 0.07 0.33 36.79 0.03 13.00 87 2.791 8.544
6.17 0.06 0.33 37.90 0.03 13.00 87 2.812 6.786
9.30 0.18 0.18 34.01 0.09 13.00 87 23.759 284.716
9.98 0.14 0.25 35.32 0.03 13.00 87 7.551 256.765
8.29 0.09 0.36 38.49 0.06 13.00 87 3.309 15.726
6.80 0.07 0.31 37.61 0.04 13.00 87 4.331 44.795
6.43 0.05 0.33 37.37 0.03 13.00 87 1.859 12.964
7.76 0.07 0.29 36.20 0.03 13.00 87 3.586 8.995
38.18 0.60 0.28 29.26 0.14 100 2.591 7.636
72.01 0.55 0.15 12.89 0.03 100 1.016 9.694
34.33 0.21 0.07 6.84 0.04 0.00 100 2.358 4715.264
0.000 0.000
2.82 0.11 0.04 17.51 27.72 100 93.606 1011.202
2.86 0.09 0.04 16.67 27.72 100 94.361 1270.589
2.62 0.13 15.45 23.09 0.33
6.80 0.16 0.08 31.76 2.00 100 39.952 468.165
6.95 0.16 0.09 31.71 1.80 100 46.750 510.410
6.55 0.15 0.08 30.36 4.23 100 55.005 593.130
7.38 0.18 0.08 32.92 0.90 100 42.857 465.180
5.10 0.17 0.12 39.15 0.09 0.02 100 49.781 1909.148
1.17 0.21 0.02 3.14 25.81 100 0.099 30.244
0.40 0.06 0.00 2.26 31.98 100 	 18.377
3.86 0.16 0.11 40.05 0.09 13.00 87 51.477 674.434
3.66 0.14 0.10 40.45 0.07 13.00 87 49.513 622.961
1.90 0.05 0.37 40.64 0.03 13.00 87 4.803 25.578
3.36 0.03 0.31 40.91 0.03 13.00 87 4.004 21.268
4.64 0.03 0.29 40.32 0.02 13.00 87 3.262 30.416
2.42 0.05 0.42 41.50 0.05 13.00 87 10.495 51.518
1.96 0.03 0.41 40.84 0.02 13.00 87 4.200 14.576
2.04 0.14 0.29 40.37 0.04 13.00 87 4.145 19.250
9.00 0.21 0.14 33.73 0.33 13.00 87 60.019 571.378





6.43 0.22 0.12 36.53 0.10 13.00 87 30.887 300.599
7.36 0.27 0.09 34.07 1.16 13.00 87 43.769 449.493
35.41 0.23 0.06 5.52 0.07 0.00 100 1.956 4170.528
60.93 0.08 0.13 14.94 0.02 0.00 100 1.487 193.165
0.000 0.000
3.07 0.18 0.02 13.28 22.98 100 44.158 936.386
2.51 0.13 0.04 13.75 23.80 0.90 100 45.316 971.428
47.767 980.546
3.27 0.10 17.06 21.09 0.36
6.02 0.23 0.20 28.90 2.90 0.00 100 26.702 431.620
3.58 0.07 0.53 30.71 0.09 0.00 100 27.436 436.840
28.201 446.119
24.591 424.534
12.36 0.57 0.38 43.79 0.05 100 4.220 12.244
12.61 0.13 0.36 41.91 0.04 100 4.767 5.907
10.90 0.10 0.43 43.30 0.04 100 4.733 33.908
16.464 271.885
3.077 14.723
8.74 0.09 0.27 35.81 0.09 13.00 87 11.816 220.532
7.77 0.06 0.35 37.61 0.03 13.00 87 4.007 5.275
6.85 0.05 0.33 37.84 0.03 13.00 87 3.682 7.647
7.32 0.06 0.32 37.58 0.04 13.00 87 4.222 22.018
8.06 0.11 0.21 35.20 0.10 13.00 87 7.260 118.410
13.00 20.413 284.071
13.00 2.862 7.614
6.83 0.06 0.34 38.14 0.03 13.00 87 4.829 10.634
6.95 0.12 0.16 32.20 0.53 13.00 87 29.833 521.015
7.21 0.13 0.14 34.66 0.22 13.00 87 23.432 407.771
7.22 0.07 0.38 37.61 0.09 13.00 87 9.662 128.153
0.000 0.000
0.00 0.00 0.00 13.16 26.14 100 45.399 830.060
4.01 0.06 0.07 18.82 16.15 100 45.565 838.223
2.76 0.00 0.25 16.25 19.70 100 47.077 869.502
3.18 0.00 0.12 17.54 20.50 100 46.930 850.734
2.97 0.11 16.68 21.03 0.40
6.26 0.29 0.14 28.52 1.62 100 25.457 342.457
6.15 0.30 0.00 28.02 0.81 100 27.667 418.868
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   6.55 0.04 0.23 28.69 0.85 100 26.298 388.632





7.07 0.05 0.35 37.30 0.03 13.00 87 4.183 13.320
7.11 0.05 0.34 37.73 0.03 13.00 87 7.591 65.868
8.70 0.07 0.31 37.39 0.03 13.00 87 4.138 8.191
6.20 0.05 0.32 38.47 0.03 13.00 87 4.061 9.712
7.97 0.07 0.30 37.66 0.03 13.00 87 4.974 16.729
7.53 0.06 0.35 37.56 0.03 13.00 87 3.709 6.299
6.91 0.05 0.35 38.02 0.03 13.00 87 5.499 22.729
7.42 0.08 0.32 37.42 0.03 13.00 87 4.038 9.526
6.04 0.05 0.31 38.67 0.04 13.00 87 4.206 8.651
25.857 544.905




4.47 0.08 0.13 36.95 0.16 13.00 87 15.875 253.121
9.09 0.09 0.37 34.99 0.12 13.00 87 11.940 142.445
9.32 0.08 0.42 34.62 0.08 13.00 87 7.935 47.341
65.82 1.68 0.36 15.24 0.07 100 2.427 5.929
0.000 0.000
3.66 0.11 0.06 19.11 19.54 100 50.541 884.545
3.73 0.11 0.06 18.99 19.73 100 52.626 923.950
3.58 0.11 0.05 18.35 20.80 100 52.207 941.229
3.05 0.10 0.05 16.96 23.51 100 59.225 1066.952
3.75 0.11 0.05 19.03 20.49 100 55.238 948.500
3.51 0.11 0.05 17.42 20.18 100 49.212 892.134
3.21 0.10 17.08 20.88 0.37
6.13 0.14 0.09 30.85 1.87 100 34.540 440.016
6.23 0.14 0.10 31.02 1.73 100 29.415 413.116
10.18 0.20 0.35 46.89 0.60 100 2.699 7.012
10.13 0.14 0.36 47.32 0.10 100 2.902 6.855




   
5.90 0.11 0.13 32.92 0.51 13.00 87 19.868 285.723
8.69 0.08 0.29 34.97 0.13 13.00 87 5.730 36.388
7.64 0.07 0.33 37.13 0.04 13.00 87 2.864 7.885
7.60 0.06 0.33 35.36 0.04 13.00 87 2.909 7.033
8.13 0.08 0.32 35.09 0.94 13.00 87 2.847 7.719
8.40 0.10 0.30 37.01 0.75 13.00 87 3.198 7.813
7.55 0.10 0.30 32.83 0.21 13.00 87 13.827 132.774
9.37 0.09 0.27 34.60 0.13 13.00 87 10.142 112.157
8.44 0.09 0.25 35.60 0.08 13.00 87 5.264 40.119
14.03 0.12 0.34 23.32 0.11 100 	 419.515






   V Cr Mn Fe Co Ni Cu
ug/g ug/g ug/g ug/g ug/g ug/g ug/g
203.089 5886.440 1378.323 59160.210 64.102 735.647 0.071
214.678 6063.848 1342.853 58190.466 62.514 724.044 0.128
0.588 5.027 380.814 1725.501 0.514 0.900 8.624
0.789 1.597 58.925 755.684 0.109 0.654 0.394
147.144 3557.080 1730.729 45459.387 44.497 2173.602 0.424
70.288 1338.831 1175.138 40128.266 62.176 2956.274 0.794
139.078 3298.925 1413.525 58913.020 61.504 671.263 0.136
33.727 416.035 386.000 25842.975 21.511 1979.125 3.313
22.778 174.224 392.606 24826.315 26.710 1890.449 3.804
2.798 8.513 14856.591 175649.687 31.798 10.266 0.099
3.983 20.151 371.489 21770.365 76.329 2380.214 6.372
14.770 55.407 435.093 31462.605 37.907 2816.260 1.204
116.934 1706.846 1709.931 47630.701 224.722 3028.790 12.752
39.512 408.671 953.791 28273.563 78.153 2400.521 4.368
140.094 2718.602 1916.107 53918.730 93.821 2212.626 2.563
12.831 166.933 444.193 22370.681 46.476 2972.067 0.517
5.679 20.086 538.307 26252.251 71.428 2686.361 11.753
73.332 3136.503 744.696 40127.955 151.524 1990.534 4.651
41.796 1893.296 649.895 45207.641 130.525 1614.035 4.467
16.647 124.498 475.996 31799.783 19.719 2124.210 4.328
16.674 42.564 701.574 32996.265 168.448 2107.648 9.387
14.207 96.682 597.389 25063.777 113.905 2722.542 7.803
107.617 1584.298 1635.848 41873.363 264.509 3273.263 17.832
21.307 149.286 557.602 28447.415 62.955 2327.948 9.845
283.434 7405.773 748.273 25337.786 29.048 481.384 4.213
243.640 6084.834 711.455 39083.347 37.453 964.230 5.004
265.358 8446.981 748.663 30947.250 38.886 659.506 5.656
262.401 8337.795 830.733 27760.314 31.412 463.185 0.208
161.816 5240.694 1066.221 49913.342 66.799 843.931 0.083
156.355 5164.407 1088.833 50709.336 69.570 904.712 0.760
164.535 5949.956 1078.807 51561.874 65.218 831.446 	
159.957 4724.117 1099.710 51437.354 64.370 792.016 0.121
 
 208 
  74.434 169.440 414.863 56550.023 54.175 1065.709 139.943
50.564 430.900 492.348 64484.369 54.655 1244.001 23.174
2.603 8.581 1351.791 133641.543 172.050 3057.782 12.895
13.876 387.890 893.498 65073.189 120.314 3553.144 16.766
6.341 16.600 520.295 54853.070 48.193 2864.999 16.028
6.353 63.930 545.055 56217.908 50.106 2932.828 3.786
7.289 13.933 455.285 50234.629 90.925 2979.426 6.743
126.734 3679.073 1468.618 75708.792 105.940 1620.443 5.600
18.903 31.018 1147.763 81257.148 355.098 2242.628 12.121
6.850 55.733 726.753 67494.356 119.428 3165.534 155.501
13.971 228.020 555.025 55374.527 42.194 2767.195 61.279
5.807 31.364 411.108 52327.367 48.305 2971.107 17.953
9.566 50.307 541.343 61101.498 74.081 2510.970 18.329
19.645 37.913 4630.061 300515.284 1373.023 2432.509 5.435
3.504 4.250 4267.096 566769.923 634.337 1269.131 10.785
2336.229 194795.706 1650.729 270681.255 408.790 532.539 976.537
0.000 0.000 0.000 0.000 0.000 0.000 0.000
326.607 5846.157 866.851 22261.536 23.747 352.287 0.820
363.015 8780.931 717.714 22475.135 23.258 358.486 0.205
162.864 4258.526 1110.402 48222.714 57.014 666.053 1.019
200.223 6828.037 1261.542 54824.660 63.463 767.327 0.102
211.485 5725.798 1196.371 51670.829 57.618 696.035 0.040
169.719 4708.822 1371.530 57984.094 64.121 738.134 0.293
225.385 3797.838 1325.853 40196.707 31.577 964.930 10.853
1.040 1.489 1599.347 9241.653 4.147 163.868 8.604
0.521 0.884 449.830 3117.769 1.202 3.586 0.139
233.057 7649.051 1447.626 34954.283 33.973 1138.152 1.136
190.353 4030.202 1221.326 33184.872 112.967 969.340 0.203
11.235 86.117 387.201 15479.621 77.035 3327.568 21.781
3.974 7.995 278.186 27368.110 49.502 2757.591 1.658
7.592 196.073 248.494 37842.633 105.120 2593.888 0.212
13.157 145.310 426.892 19729.093 36.405 3803.405 0.515
6.567 20.859 238.645 16012.506 58.385 3731.147 1.800
12.118 19.380 1229.463 18499.962 272.756 2914.978 56.713
262.132 8021.911 1643.120 73432.704 83.288 1307.438 1.183
95.417 1394.697 1741.074 56034.243 99.851 1877.406 6.897
 
 209 
   108.832 2069.078 1801.280 52423.740 162.288 1093.402 3.029
174.984 4746.708 2148.586 60051.734 84.596 814.320 0.121
2135.251 203354.871 1811.554 279182.679 371.298 458.964 759.342
133.363 8554.909 654.505 480327.767 270.691 993.799 8.102
0.000 0.000 0.000 0.000 0.000 0.000 0.000
256.523 7972.144 982.668 32195.943 33.377 468.769 0.585
262.968 7877.546 942.177 30563.244 32.686 492.328 0.372
260.113 7637.924 920.679 29097.832 30.105 425.063 0.201
156.618 5055.656 1193.461 53845.787 64.323 780.040 0.278
161.284 5322.960 1206.673 56469.632 67.897 829.577 0.284
160.244 5169.838 1210.585 56432.788 67.001 821.804 0.305
148.095 5091.420 1201.419 53455.602 62.663 773.097 0.150
6.264 26.965 4443.013 97466.790 425.403 3301.473 5.502
6.212 11.267 979.465 97362.592 109.316 3100.143 10.962
14.732 347.934 700.430 77565.663 119.600 3413.610 1.361
88.849 3524.271 943.448 40764.103 69.673 1118.892 2.448
4.526 16.104 468.911 45228.779 53.992 2648.108 0.603
61.288 2922.640 723.939 67864.200 67.857 2343.523 68.447
5.025 9.563 491.852 63228.172 37.345 3211.703 0.358
6.623 12.630 393.138 55702.410 50.674 3005.793 1.156
9.418 45.688 454.790 59516.351 79.319 2912.598 0.504
28.644 670.354 848.735 65485.968 95.683 1912.798 0.630
117.284 3514.204 1163.258 60611.330 81.391 1515.219 17.995
8.004 192.396 339.878 39632.321 51.380 2549.623 1.024
6.920 22.398 530.908 61880.750 72.596 3464.761 4.012
131.064 3402.844 960.325 56235.745 95.617 1460.296 2.192
114.149 3751.404 1060.740 58656.272 93.628 1288.696 2.236
19.304 386.824 556.444 58809.456 52.203 3422.424 2.270
0.000 0.000 0.000 0.000 0.000 0.000 0.000
270.136 8544.227 1001.005 31957.654 33.331 482.044 0.387
267.124 8634.510 1003.484 32314.302 33.659 482.026 0.530
273.477 8622.882 974.886 32232.215 33.102 476.467 0.438
269.705 8480.942 996.041 32948.267 34.244 485.577 0.385
147.356 4997.708 1224.706 55819.564 65.422 810.172 0.093
170.432 6426.826 1206.138 55720.406 67.361 861.847 0.301
 
 210 
   166.860 6158.627 1213.122 55040.673 66.538 907.899 2.086
4.688 14.061 1106.556 87159.517 142.394 2539.530 67.340
147.356 4997.708 1224.706 55819.564 65.422 810.172 0.093
170.432 6426.826 1206.138 55720.406 67.361 861.847 0.301
10.016 16.469 363.990 41846.615 36.517 1953.654 8.624
10.528 21.370 391.345 41769.292 50.251 2414.520 8.963
16.660 48.838 460.445 57360.583 63.126 2489.870 80.298
29.063 547.085 493.225 57720.192 78.913 2417.748 14.725
13.257 26.585 638.699 70827.833 86.764 2228.197 14.349
12.317 49.375 440.400 50284.789 50.718 2304.224 14.888
13.927 24.017 614.442 64834.765 77.443 2131.468 30.931
13.742 15.065 540.914 61142.919 65.074 2461.066 37.582
14.527 216.852 433.354 56125.918 62.415 2466.632 13.171
14.674 36.623 690.610 60186.632 123.454 2249.119 37.339
13.084 23.507 465.884 49184.466 46.248 2230.542 27.947
142.932 5229.800 568.958 24974.141 33.577 788.642 14.810
24.994 392.811 675.880 60246.889 78.597 2783.564 67.267
10.661 16.489 502.160 50999.091 57.579 2463.027 64.685
85.147 3001.774 694.690 35693.100 46.202 996.302 55.067
76.087 2907.082 970.466 39945.838 43.777 793.364 16.005
76.503 2974.155 742.654 36166.650 49.285 895.932 110.456
53.338 800.117 810.848 73734.896 115.180 2638.881 26.715
34.327 493.057 703.251 75629.193 111.041 2969.477 25.575
13.218 3.211 14811.499 518874.395 1724.243 2471.817 48.690
0.000 0.000 0.000 0.000 0.000 0.000 0.000
241.901 7849.047 846.684 28775.339 34.773 507.171 8.367
245.301 7960.383 858.519 29317.553 35.091 508.127 0.766
248.945 7782.202 838.196 28129.952 32.719 476.184 0.413
267.478 7605.567 760.690 23983.633 27.597 422.870 0.678
248.388 7988.366 868.242 29457.486 34.227 488.182 0.284
273.314 8656.345 841.510 27683.156 31.719 487.576 10.544
159.768 5398.419 1090.830 48313.824 64.191 820.254 0.332
150.110 5387.631 1058.154 49087.077 65.613 862.231 1.244
2.737 82.333 1516.755 80254.559 157.808 3175.932 0.380
1.723 7.657 1122.367 79829.724 153.971 3203.131 	




95.902 3258.985 898.304 48102.900 89.497 1183.974 4.495
9.348 98.402 601.799 70908.375 89.370 2721.271 1.870
5.575 19.428 535.411 62310.526 94.665 3082.931 5.320
6.719 63.575 465.756 61947.877 93.834 3039.128 5.647
5.939 10.289 679.013 66270.436 115.688 3016.953 4.417
7.773 94.831 821.481 68533.367 112.542 2842.257 8.166
49.535 958.584 779.001 61534.580 121.069 2807.811 509.967
54.685 2337.505 695.649 76427.259 108.853 2535.648 45.192
10.931 218.799 691.329 68866.723 80.448 2370.550 1.023
766.101 133778.602 957.342 110578.551 359.309 3101.227 1.943




   
Zn Rb Sr Y Zr Ba La Ce Pr Nd Sm
ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g
	 0.015 2.538 4.535 	 0.006 0.042 0.009 0.067 0.035
	 0.097 3.158 7.422 	 0.020 0.123 0.025 0.160 0.099
11.805 0.217 60.226 0.162 0.000 2.590 1.485 2.463 0.253 0.866 0.094
1.511 0.114 87.347 0.155 	 4.258 1.105 2.118 0.211 0.704 0.107
0.019 4.883 1.751 2.264 1.417 0.032 0.023 0.018 0.114 0.050
0.010 3.984 0.972 1.086 0.527 0.017 0.092 0.010 0.062 0.029
	 0.013 1.180 1.076 0.001 0.002 0.008 0.002 0.011 0.010
	 0.988 0.935 1.736 0.031 0.022 0.106 0.019 0.123 0.049
	 1.356 0.507 0.439 0.022 0.014 0.022 0.007 0.040 0.016
	 7.470 0.216 0.014 0.298 0.972 2.272 0.198 0.711 0.097
	 1.359 0.141 0.166 0.055 0.043 0.091 0.008 0.034 0.006
0.031 1.006 0.334 0.224 0.081 0.017 0.029 0.004 0.025 0.010
0.130 4.341 1.793 1.413 1.017 0.160 0.226 0.041 0.225 0.076
0.091 1.916 1.022 1.347 0.598 0.060 0.198 0.023 0.133 0.055
0.047 4.648 2.029 3.343 0.750 0.057 0.260 0.034 0.172 0.075
0.003 0.908 0.224 0.510 0.168 0.013 0.061 0.008 0.036 0.012
	 1.426 0.181 0.195 0.037 0.035 0.085 0.008 0.028 0.011
0.023 1.777 0.396 0.303 0.368 0.027 0.018 0.009 0.040 0.018
0.017 1.624 0.374 0.261 0.384 0.024 0.020 0.009 0.047 0.018
0.017 1.895 0.616 0.540 0.073 0.017 0.019 0.006 0.041 0.021
0.072 1.944 0.731 0.599 0.529 0.037 0.064 0.021 0.111 0.046
0.008 1.550 0.768 0.578 0.420 0.031 0.069 0.015 0.094 0.054
0.051 3.830 2.024 1.544 1.549 0.138 0.372 0.057 0.295 0.107
0.013 1.498 0.872 0.769 0.185 0.030 0.086 0.016 0.111 0.043
0.087 0.340 10.458 0.533 0.053 0.014 0.019 0.022 0.244 0.398
0.032 1.151 7.910 0.438 0.267 0.001 0.005 0.012 0.164 0.271
0.044 0.598 10.921 0.508 0.134 	 0.008 0.009 0.259 0.382
0.015 0.158 10.987 0.444 0.007 0.002 0.007 0.013 0.238 0.388
0.031 0.095 1.882 0.116 0.027 0.001 0.001 	 0.008 0.019
0.068 0.452 1.949 0.130 0.047 0.018 0.010 0.003 0.017 0.029
0.000 0.025 1.668 0.109 0.007 0.002 0.001 0.000 0.007 0.019
	 0.019 1.682 0.108 0.001 0.001 0.001 0.001 0.005 0.015
 
 213 
  28.418 0.044 0.481 0.824 0.030 0.037 0.002 0.001 0.000 0.015 0.023
32.081 0.034 0.582 0.777 0.039 0.116 0.001 	 0.000 0.013 0.019
0.001 0.384 0.074 0.022 0.183 0.001 0.001 0.001 0.006 0.003
0.086 3.939 1.511 0.034 0.237 0.004 0.003 0.003 0.010 0.020
0.037 1.598 0.301 0.021 0.243 0.005 0.005 0.003 0.009 0.007
0.017 1.212 0.237 0.009 0.162 0.000 0.000 0.000 0.004 0.004
0.027 2.321 0.266 0.014 0.415 0.000 0.001 0.001 0.004 0.004
0.013 2.006 0.853 0.049 0.078 0.003 0.005 0.005 0.006 0.008
0.019 3.612 0.753 0.058 1.831 0.001 0.002 0.002 0.012 0.021
0.015 1.031 0.144 0.039 0.086 0.000 0.001 0.000 0.003 0.003
	 1.600 0.314 0.024 0.078 0.001 0.000 0.001 0.004 0.007
	 1.569 0.229 0.044 0.210 0.009 0.003 0.000 	 0.009
0.049 1.604 0.310 0.066 0.440 0.008 0.009 0.007 0.010 0.018
0.055 39.729 2.520 0.024 24.276 0.006 0.011 0.008 0.085 0.156
0.032 3.726 0.350 0.121 0.927 0.017 0.018 0.011 0.019 0.025
2557.9 0.749 0.237 0.025 0.231 0.087 0.012 0.015 0.018 0.007 0.015
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.004 0.804 14.594 5.192 0.257 0.411 1.209 0.192 0.999 0.628
0.011 0.767 18.465 8.458 0.133 0.360 1.221 0.234 1.337 0.901
0.005 0.095 2.416 0.989 0.038 0.032 0.072 0.025 0.061 0.057
0.008 0.106 2.637 1.330 0.039 0.030 0.063 0.030 0.063 0.055
	 0.112 4.417 2.116 0.015 0.055 0.147 0.034 0.167 0.110
	 0.171 2.134 0.593 0.029 0.008 0.015 0.012 0.017 0.022
52.614 0.113 3.497 2.071 0.607 0.147 0.060 0.132 0.018 0.039 0.025
0.234 76.420 0.178 0.018 6.120 0.434 0.487 0.060 0.158 0.048
0.063 33.980 0.147 0.005 2.687 0.319 0.351 0.042 0.112 0.014
0.088 3.599 2.655 0.752 0.301 0.059 0.088 0.063 0.075 0.069
	 2.083 2.282 0.574 0.058 0.020 0.035 0.014 0.030 0.028
	 0.769 0.545 0.202 0.085 0.042 0.101 0.016 0.043 0.026
	 1.015 0.116 0.064 0.037 0.017 0.015 0.005 0.008 0.005
	 0.917 0.091 0.041 0.032 0.007 0.008 0.011 0.002 0.004
	 0.522 0.658 0.274 0.031 0.021 0.055 0.017 0.040 0.023
	 0.771 0.092 0.020 0.033 0.012 0.019 0.011 0.013 0.000
0.057 3.238 0.431 0.281 1.942 0.237 0.156 0.065 0.215 0.068
0.110 5.747 3.048 1.516 1.444 0.030 0.059 0.008 0.038 0.029
0.062 5.067 0.958 0.264 0.286 0.039 0.050 0.004 0.015 0.007
 
 214 
   0.023 3.235 1.132 0.356 0.111 0.014 0.023 0.006 0.015 0.010
0.029 4.528 2.696 0.815 0.173 0.013 0.054 0.012 0.035 0.044
2112.0 0.494 0.257 0.036 0.234 0.062 0.019 0.026 0.038 0.010 0.023
275.5 0.118 0.585 0.044 0.031 0.189 0.017 0.037 0.012 0.008 0.011
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
	 0.134 9.122 0.397 0.007 0.000 0.005 0.009 0.201 0.329
	 0.266 9.478 0.426 0.014 0.000 0.005 0.009 0.197 0.357
	 0.119 9.650 0.407 0.002 0.000 0.005 0.008 0.205 0.347
0.008 0.014 1.474 0.091 0.003 0.000 0.000 0.000 0.004 0.011
0.008 	 1.493 0.094 0.000 0.000 0.000 0.000 0.004 0.015
0.008 0.004 1.510 0.097 0.002 0.000 0.000 0.000 0.004 0.012
0.008 0.087 1.367 0.081 0.009 0.000 0.001 0.000 0.003 0.014
0.013 7.473 0.306 0.008 3.925 0.000 0.000 0.000 0.003 0.007
0.065 2.177 0.127 0.046 0.181 0.000 0.000 	 0.000 0.001
0.041 2.331 0.212 0.018 0.155 0.000 	 	 0.002 0.006
0.162 3.306 0.841 0.073 0.108 0.000 0.000 0.000 0.003 0.010
0.002 1.423 0.165 0.018 0.024 0.000 0.000 	 0.001 0.002
0.087 3.365 0.553 0.055 0.237 0.000 0.000 0.000 0.005 0.009
0.197 2.179 0.105 0.011 0.162 0.000 0.000 0.000 0.001 0.001
0.029 1.262 0.109 0.017 0.056 0.000 0.000 	 0.000 0.001
0.037 2.397 0.232 0.026 0.108 0.000 0.000 	 0.002 0.008
0.089 4.847 0.733 0.040 0.076 0.000 	 0.000 0.002 0.006
0.041 3.416 0.698 0.063 0.137 0.000 0.000 	 0.002 0.006
	 6.418 0.141 0.020 0.034 0.000 0.000 0.000 0.001 0.001
0.041 1.753 0.135 0.016 0.248 0.000 0.000 	 0.000 0.000
0.160 3.310 1.148 0.096 0.129 0.000 0.000 0.000 0.001 0.010
0.302 3.926 0.772 0.088 0.119 0.000 	 0.000 0.002 0.005
0.058 2.509 0.666 0.082 0.075 0.000 0.001 0.001 0.008 0.019
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
	 0.161 8.709 0.303 0.002 0.000 0.005 0.010 0.217 0.336
	 0.171 8.940 0.310 0.002 0.000 0.005 0.011 0.221 0.362
	 0.155 9.041 0.354 0.002 0.000 0.007 0.010 0.238 0.370
	 0.154 8.898 0.457 0.002 0.000 0.006 0.010 0.217 0.351
0.013 0.001 1.280 0.065 0.000 0.000 0.000 0.000 0.005 0.014
0.013 0.001 1.631 0.092 0.000 0.000 0.001 0.000 0.007 0.020
 
 215 
  0.013 0.259 1.501 0.146 0.038 0.004 0.001 0.002 0.013 0.017
0.174 0.714 0.087 0.020 0.068 0.004 0.000 0.001 0.005 0.004
	 	 1.280 0.065 0.002 0.000 0.000 0.000 0.005 0.014
	 	 1.631 0.092 0.002 0.000 0.001 0.000 0.007 0.020
0.020 1.243 0.160 0.264 0.060 0.003 0.000 0.001 0.005 0.004
0.036 1.303 0.161 0.226 0.040 0.003 0.000 0.001 0.007 0.004
0.081 1.943 0.290 0.246 0.096 0.010 0.000 0.004 0.023 0.009
0.075 1.874 0.395 0.041 0.067 0.007 0.000 0.003 0.013 0.011
0.177 2.240 0.212 0.068 0.181 0.008 0.000 0.002 0.009 0.008
0.111 1.723 0.218 0.139 0.070 0.004 0.000 0.002 0.005 0.002
0.137 2.320 0.253 0.018 0.110 0.006 0.000 0.003 0.011 0.007
0.207 2.057 0.194 0.012 0.112 0.004 0.000 0.001 0.007 0.005
0.105 2.025 0.252 0.017 0.101 0.003 0.000 0.001 0.006 0.006
0.090 2.499 0.277 0.028 0.269 0.026 0.001 0.006 0.026 0.009
0.057 1.619 0.234 0.098 0.080 0.010 0.008 0.004 0.017 0.009
0.102 2.355 4.360 0.245 0.138 0.018 0.003 0.010 0.118 0.158
0.159 4.721 0.929 0.075 0.183 0.016 0.000 0.007 0.040 0.029
0.031 1.439 0.235 0.375 0.075 0.005 0.001 0.003 0.016 0.009
0.112 2.326 0.768 0.038 0.093 0.008 0.001 0.003 0.017 0.012
0.185 3.210 0.579 0.080 0.099 0.017 0.001 0.007 0.030 0.021
0.227 3.533 0.896 0.053 0.146 0.010 0.001 0.003 0.015 0.014
0.313 4.143 0.696 0.086 0.143 0.019 0.001 0.008 0.039 0.021
0.415 6.278 0.661 0.062 0.278 0.026 0.000 0.010 0.042 0.022
0.061 14.887 0.908 0.157 9.186 0.364 0.353 0.111 0.429 0.133
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
	 0.193 10.575 0.435 0.002 0.005 0.010 0.018 0.241 0.442
0.004 0.242 11.162 0.437 0.020 0.005 0.014 0.017 0.278 0.417
	 0.245 11.264 0.457 	 0.001 0.006 0.013 0.285 0.433
	 0.295 12.179 0.509 0.032 0.004 0.015 0.018 0.300 0.458
	 0.218 11.957 0.472 0.009 0.004 0.006 0.014 0.295 0.462
	 0.387 10.918 0.423 0.039 0.001 0.007 0.012 0.241 0.406
	 0.248 1.723 0.126 0.060 0.007 0.009 0.007 0.012 0.016
	 0.141 1.560 0.102 0.016 0.001 0.001 0.001 0.009 0.017
	 14.370 0.125 0.009 0.169 0.002 0.005 0.001 0.005 0.005
	 1.132 0.043 0.028 0.026 0.000 0.000 0.000 0.003 0.001




   
0.136 5.878 0.593 0.067 0.243 0.002 0.003 0.002 0.004 0.004
0.120 5.296 0.251 0.041 0.171 0.003 0.003 0.002 0.006 0.007
0.174 2.902 0.110 0.001 0.159 0.001 0.001 0.002 	 0.000
0.237 2.917 0.099 0.084 0.172 0.005 0.003 0.004 0.004 0.004
0.179 15.843 0.527 0.036 0.291 0.000 0.003 0.001 0.025 0.037
0.197 21.437 0.202 0.024 0.386 0.001 0.000 0.000 0.004 0.003
0.023 7.478 0.568 0.037 0.259 0.000 0.001 0.000 0.005 0.004
0.009 5.743 0.342 0.056 0.212 0.001 0.003 0.004 0.006 0.010
	 5.062 0.212 0.030 0.138 0.002 0.002 	 0.006 0.003
0.493 0.480 0.031 0.057 0.178 0.001 0.005 	 0.004 0.000




Eu Gd Dy Ho Er Tm Yb Lu Hf Pb Th U
ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g ug/g
0.014 0.118 0.328 0.090 0.388 0.066 0.552 0.094 0.122 0.011 0.011 0.002
0.028 0.210 0.446 0.121 0.454 0.076 0.609 0.099 0.201 0.009 0.019 0.003
0.424 0.079 0.032 0.007 0.016 0.000 0.006 0.001 0.001 0.395 0.002 0.018
0.404 0.080 0.034 0.008 0.009 0.000 0.008 0.004 0.003 0.379 0.001 0.008
0.029 0.108 0.234 0.067 0.265 0.048 0.381 0.075 0.106 0.022 0.004 2.755
0.021 0.053 0.118 0.032 0.133 0.027 0.225 0.041 0.056 0.028 0.007 2.033
0.004 0.029 0.134 0.042 0.197 0.038 0.359 0.066 0.038 0.010 0.005 0.004
0.010 0.095 0.144 0.033 0.113 0.016 0.121 0.022 0.062 0.013 0.003 0.663
0.011 0.035 0.061 0.015 0.064 0.010 0.087 0.016 0.011 0.013 0.003 1.089
0.183 0.073 0.043 0.006 0.017 0.002 0.014 0.003 0.000 0.010 0.000 0.103
0.010 0.010 0.019 0.006 0.021 0.005 0.039 0.007 0.006 0.022 0.001 0.566
0.014 0.018 0.038 0.011 0.041 0.007 0.066 0.014 0.003 	 0.002 0.479
0.037 0.146 0.241 0.063 0.244 0.042 0.326 0.055 0.055 0.072 0.013 1.758
0.015 0.099 0.164 0.045 0.139 0.023 0.152 0.026 0.039 0.043 0.006 0.535
0.043 0.133 0.289 0.078 0.313 0.058 0.448 0.079 0.138 0.019 0.003 2.314
0.012 0.020 0.033 0.008 0.031 0.007 0.060 0.010 0.024 	 0.001 0.469
0.012 0.010 0.020 0.005 0.024 0.007 0.061 0.013 0.004 0.027 0.002 0.480
0.016 0.029 0.053 0.014 0.053 0.008 0.075 0.013 0.004 0.038 0.004 0.866
0.016 0.028 0.052 0.014 0.044 0.008 0.074 0.016 0.003 0.031 0.003 0.873
0.017 0.049 0.076 0.023 0.076 0.013 0.111 0.023 0.014 0.050 0.004 1.140
0.037 0.077 0.116 0.029 0.085 0.016 0.115 0.019 0.012 0.037 0.005 1.979
0.031 0.076 0.116 0.032 0.102 0.016 0.127 0.025 0.009 0.027 0.002 0.924
0.067 0.171 0.293 0.070 0.244 0.043 0.315 0.059 0.053 0.085 0.007 2.248
0.030 0.085 0.138 0.033 0.114 0.018 0.138 0.023 0.015 0.047 0.005 1.048
0.206 0.992 1.801 0.423 1.233 0.182 1.221 0.174 0.133 0.028 0.008 0.022
0.122 0.720 1.375 0.324 0.954 0.139 0.917 0.142 0.103 0.007 0.001 0.313
0.204 1.104 1.861 0.418 1.317 0.186 1.201 0.177 0.112 0.025 0.000 0.140
0.202 1.007 1.854 0.437 1.348 0.191 1.243 0.182 0.109 	 0.000 0.000
0.015 0.080 0.233 0.068 0.252 0.048 0.377 0.067 0.021 0.026 0.000 0.014
0.025 0.085 0.245 0.075 0.286 0.047 0.427 0.071 0.028 0.017 0.002 0.046
0.010 0.062 0.215 0.059 0.266 0.044 0.378 0.073 0.021 0.050 0.000 0.003
0.009 0.047 0.202 0.058 0.242 0.044 0.360 0.067 0.023 0.020 0.000 0.001
 
 218 
   0.007 0.052 0.118 0.031 0.105 0.000 0.110 0.021 0.003 0.024 0.000 0.446
0.006 0.046 0.106 0.034 0.098 0.000 0.128 0.033 0.005 0.013 0.000 0.516
0.001 0.007 0.010 0.003 0.008 0.002 0.010 0.004 0.001 	 0.001 0.210
0.012 0.078 0.176 0.048 0.195 0.029 0.248 0.047 0.002 0.092 0.003 4.745
0.009 0.025 0.042 0.015 0.042 0.009 0.051 0.012 0.004 0.032 0.002 0.946
0.003 0.009 0.028 0.008 0.030 0.005 0.042 0.009 0.001 0.022 0.000 0.946
0.003 0.015 0.036 0.010 0.034 0.005 0.041 0.009 0.000 0.060 0.000 0.905
0.010 0.033 0.110 0.033 0.127 0.028 0.230 0.040 0.019 0.023 0.003 1.586
0.006 0.056 0.119 0.032 0.108 0.016 0.120 0.021 0.006 0.048 0.000 0.829
0.002 0.007 0.016 0.005 0.016 0.003 0.029 0.007 0.002 0.024 0.001 0.454
0.001 0.009 0.033 0.012 0.041 0.006 0.052 0.013 0.004 	 0.001 0.904
0.005 	 0.029 0.006 0.021 0.003 0.041 0.009 0.003 0.135 0.002 0.984
0.010 0.026 0.045 0.017 0.044 0.011 0.046 0.017 0.007 0.093 0.007 1.099
0.073 0.307 0.484 0.123 0.372 0.060 0.372 0.067 0.005 0.035 0.005 1.170
0.019 0.046 0.081 0.023 0.056 0.011 0.051 0.014 0.009 	 0.008 0.302
0.007 0.017 0.008 0.007 0.012 0.000 0.018 0.008 0.010 0.014 0.005 0.017
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.214 1.430 2.551 0.590 1.721 0.244 1.537 0.228 0.234 0.019 0.039 0.020
0.281 1.898 3.175 0.728 2.134 0.294 1.936 0.250 0.314 0.018 0.041 0.021
0.035 0.126 0.314 0.101 0.332 0.071 0.485 0.087 0.053 0.024 0.029 0.024
0.042 0.145 0.342 0.116 0.413 0.088 0.568 0.113 0.081 0.036 0.034 0.020
0.041 0.258 0.647 0.183 0.555 0.108 0.712 0.121 0.110 0.014 0.015 0.010
0.014 0.061 0.225 0.079 0.334 0.064 0.574 0.115 0.033 0.010 0.009 0.005
0.075 0.054 0.221 0.064 0.327 0.000 0.570 0.117 0.022 0.015 0.006 0.109
0.113 0.068 0.039 0.026 0.022 0.016 0.026 0.009 0.014 0.074 0.028 0.031
0.127 0.016 0.035 0.013 0.020 0.002 0.008 0.009 0.006 0.007 0.003 0.007
0.071 0.121 0.333 0.140 0.451 0.115 0.710 0.155 0.067 0.053 0.051 0.154
0.021 0.055 0.231 0.089 0.370 0.084 0.656 0.130 0.045 0.013 0.018 0.010
0.015 0.054 0.087 0.021 0.059 0.016 0.088 0.013 0.010 0.036 0.006 0.148
0.005 0.004 0.010 0.004 0.022 0.005 0.036 0.007 0.003 0.013 0.007 0.221
0.004 0.011 0.009 0.005 0.011 0.004 0.043 0.008 0.003 0.001 0.003 0.008
0.012 0.066 0.100 0.027 0.099 0.020 0.100 0.027 0.024 0.010 0.011 0.009
0.009 0.005 0.019 0.006 0.023 0.006 0.041 0.014 0.005 0.017 0.006 0.271
0.034 0.071 0.087 0.032 0.075 0.025 0.081 0.024 0.012 0.105 0.013 0.308
0.015 0.080 0.340 0.102 0.471 0.089 0.738 0.135 0.044 0.011 0.010 1.075
0.025 0.015 0.110 0.032 0.158 0.034 0.309 0.055 0.017 0.011 0.008 0.077
 
 219 
  0.013 0.027 0.133 0.042 0.190 0.046 0.345 0.067 0.022 0.013 0.004 0.003
0.013 0.140 0.339 0.103 0.373 0.073 0.532 0.099 0.042 0.004 0.007 0.013
0.007 0.025 0.017 0.011 0.021 0.000 0.019 0.007 0.019 0.027 0.009 0.029
0.005 0.009 0.012 0.010 0.014 0.000 0.017 0.008 0.003 0.027 0.013 0.027
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.179 0.828 1.585 0.358 1.139 0.157 1.052 0.152 0.084 0.012 0.000 0.001
0.170 0.884 1.650 0.364 1.161 0.163 1.094 0.158 0.089 0.007 0.000 0.019
0.177 0.920 1.665 0.383 1.154 0.167 1.125 0.160 0.090 0.022 0.000 0.000
0.008 0.055 0.177 0.054 0.196 0.043 0.323 0.056 0.020 0.006 0.000 0.002
0.006 0.063 0.188 0.055 0.210 0.041 0.319 0.058 0.022 0.008 0.000 0.000
0.009 0.056 0.189 0.052 0.215 0.037 0.345 0.064 0.019 0.006 	 0.001
0.007 0.051 0.170 0.050 0.202 0.034 0.313 0.056 0.024 0.013 	 0.000
0.004 0.028 0.046 0.013 0.046 0.009 0.054 0.010 0.001 0.054 0.000 0.565
0.001 0.006 0.012 0.002 0.012 0.003 0.029 0.005 0.000 0.038 0.000 0.726
0.002 0.011 0.026 0.009 0.028 0.005 0.042 0.008 0.000 0.013 0.000 0.809
0.006 0.037 0.108 0.031 0.121 0.020 0.170 0.030 0.015 0.014 	 0.978
0.002 0.011 0.022 0.005 0.023 0.003 0.029 0.005 0.001 0.010 	 0.605
0.007 0.026 0.084 0.019 0.075 0.014 0.120 0.020 0.012 0.021 	 1.347
0.001 0.006 0.010 0.003 0.013 0.003 0.021 0.004 0.000 0.010 	 0.486
0.002 0.003 0.011 0.004 0.016 0.002 0.021 0.004 0.001 0.006 	 0.691
0.004 0.017 0.030 0.010 0.028 0.005 0.036 0.006 0.003 0.015 0.000 0.715
0.004 0.030 0.084 0.023 0.092 0.018 0.148 0.031 0.004 0.012 0.000 3.310
0.003 0.023 0.078 0.025 0.104 0.019 0.177 0.036 0.012 0.023 	 1.184
0.002 0.005 0.014 0.005 0.016 0.003 0.029 0.005 	 0.021 	 0.727
0.001 0.003 0.012 0.003 0.017 0.003 0.033 0.006 0.000 0.013 	 0.974
0.005 0.031 0.143 0.044 0.178 0.034 0.293 0.055 0.024 0.020 0.000 0.829
0.003 0.025 0.097 0.029 0.115 0.020 0.180 0.035 0.018 0.012 	 1.093
0.011 0.054 0.105 0.027 0.074 0.013 0.093 0.018 0.016 0.024 0.000 0.653
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.171 0.820 1.503 0.344 1.058 0.150 1.021 0.147 0.075 0.008 0.000 0.002
0.176 0.842 1.550 0.352 1.088 0.153 1.050 0.154 0.082 0.007 	 0.007
0.176 0.877 1.579 0.363 1.100 0.158 1.088 0.153 0.083 0.017 	 0.001
0.171 0.840 1.575 0.345 1.089 0.154 1.080 0.150 0.088 0.017 	 0.001
0.008 0.049 0.159 0.049 0.194 0.033 0.289 0.052 0.015 0.015 0.000 0.000
0.014 0.086 0.214 0.062 0.237 0.040 0.338 0.059 0.022 0.011 	 0.002
 
 220 
   0.011 0.073 0.204 0.057 0.212 0.040 0.330 0.061 0.019 0.015 0.000 0.110
0.001 0.009 0.012 0.003 0.010 0.002 0.016 0.004 0.001 0.026 0.000 0.226
0.008 0.049 0.159 0.049 0.194 0.033 0.289 0.052 0.015 0.015 0.000 0.000
0.014 0.086 0.214 0.062 0.237 0.040 0.338 0.059 0.022 0.011 	 0.002
0.002 0.010 0.018 0.005 0.022 0.003 0.028 0.005 0.005 0.016 	 0.820
0.002 0.009 0.022 0.005 0.021 0.003 0.029 0.006 0.014 0.024 	 0.760
0.004 0.023 0.041 0.009 0.038 0.006 0.052 0.009 0.001 0.100 0.001 0.972
0.003 0.027 0.054 0.016 0.043 0.008 0.073 0.012 0.005 0.012 0.000 1.119
0.003 0.015 0.033 0.008 0.027 0.005 0.037 0.007 0.001 0.012 0.000 0.853
0.002 0.012 0.029 0.007 0.028 0.004 0.034 0.007 0.001 0.009 0.000 0.805
0.005 0.019 0.038 0.009 0.032 0.006 0.044 0.007 0.001 0.018 0.000 0.865
0.003 0.013 0.026 0.007 0.024 0.005 0.035 0.008 0.001 0.033 0.000 1.008
0.007 0.021 0.036 0.008 0.031 0.004 0.039 0.006 0.003 0.013 0.000 0.739
0.003 0.023 0.043 0.010 0.041 0.007 0.046 0.009 0.001 0.023 0.000 1.027
0.004 0.019 0.030 0.009 0.029 0.005 0.047 0.009 0.002 0.114 0.000 0.711
0.074 0.433 0.773 0.172 0.541 0.080 0.528 0.077 0.058 0.028 0.000 0.840
0.018 0.068 0.137 0.031 0.118 0.018 0.137 0.027 0.011 0.026 0.000 2.218
0.005 0.017 0.034 0.008 0.027 0.005 0.036 0.007 0.004 0.119 0.006 0.734
0.006 0.035 0.093 0.030 0.111 0.021 0.164 0.032 0.009 0.114 0.000 1.459
0.007 0.034 0.077 0.019 0.075 0.014 0.104 0.021 0.010 0.042 0.000 1.002
0.006 0.049 0.115 0.033 0.125 0.022 0.171 0.032 0.013 0.017 0.000 1.853
0.008 0.047 0.096 0.026 0.092 0.017 0.135 0.025 0.006 0.021 0.000 2.400
0.010 0.051 0.096 0.022 0.085 0.013 0.103 0.018 0.005 0.027 0.000 2.540
0.035 0.167 0.217 0.042 0.142 0.022 0.131 0.022 0.002 0.422 0.002 0.495
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
0.192 1.016 1.829 0.402 1.256 0.173 1.124 0.181 0.099 0.012 0.002 0.010
0.206 1.066 1.861 0.441 1.329 0.184 1.318 0.185 0.112 0.063 0.005 0.006
0.216 1.093 1.925 0.440 1.342 0.184 1.233 0.181 0.098 0.016 0.002 0.006
0.222 1.231 2.085 0.517 1.438 0.196 1.339 0.191 0.140 0.009 0.002 0.010
0.237 1.142 1.949 0.486 1.431 0.206 1.414 0.199 0.119 0.001 0.001 0.005
0.212 1.006 1.874 0.410 1.277 0.180 1.236 0.161 0.109 0.005 0.000 0.012
0.011 0.058 0.220 0.069 0.271 0.048 0.390 0.072 0.029 0.007 0.001 0.024
0.011 0.077 0.203 0.061 0.239 0.047 0.335 0.055 0.025 0.007 0.001 0.008
0.003 0.012 0.014 0.006 0.013 0.004 0.018 0.006 0.003 0.008 0.001 0.059
	 0.005 0.008 0.001 0.005 0.002 0.012 0.004 0.001 0.005 0.000 0.035





0.004 0.025 0.081 0.020 0.069 0.016 0.133 0.025 0.015 0.009 0.001 1.461
0.005 0.020 0.034 0.009 0.034 0.007 0.050 0.009 0.004 0.016 0.003 1.557
0.000 	 0.012 0.004 0.012 0.005 0.023 0.004 0.000 0.020 0.000 1.185
0.002 0.007 0.011 0.006 0.013 0.005 0.035 0.004 0.016 0.022 0.004 1.249
0.020 0.087 0.067 0.020 0.047 0.008 0.035 0.013 0.003 0.030 0.001 1.382
0.002 0.005 0.023 0.011 0.019 0.003 0.033 0.007 0.001 0.028 0.001 1.274
0.007 0.026 0.063 0.020 0.073 0.014 0.133 0.027 0.006 0.014 	 3.051
0.009 0.020 0.048 0.013 0.044 0.011 0.069 0.012 0.012 0.007 0.002 1.517
0.007 0.012 0.032 0.009 0.030 0.012 0.046 0.011 0.006 0.007 0.002 1.574
0.003 	 0.009 0.002 0.000 0.007 	 0.001 0.000 0.000 0.001 0.171











APPENDIX F: LEACHING AND DIGESTION PROTOCOL DETAILS 
 
H2O leach: One gram of powdered sample was weighed and transferred to a 50ml 
precleaned polypropylene centrifuge tube and 10ml of 18MΩ H2O was added to the tube, 
sonicated for 10 minutes and allowed to react for 2 hours.  The sample was then 
centrifuged and the supernatant extracted to an acid washed 30ml PFA beaker.  
 
Na-Acetate leach: After the H2O leach, 10 ml of (NaOAc) was added to the 
sample.  The tube was shaken with a vortex mixer and the solution left to react overnight. 
Then the sample was centrifuged and the supernatant extracted into another acid washed 
30ml PFA beaker.  The sample was then rinsed 3 times with 5ml 18MΩ H2O, and the 
rinse solutions were added to the NaOAc supernatant. 
 
HH- leach:  After the NaOAc leach 10 ml of 1M-HH was added to the sample, 
vortexed and left to react overnight.  Once reacted, the sample was centrifuged and the 
supernatant extracted to a 30ml PFA beaker.  The sample was then rinsed 3 times with 
18MΩ H2O and the rinses were combined with the HH supernatant.  
  
6M HCl leach: After the HH-leach, 10 ml of 6M HCl was added to the samples, 
vortexed and left to react for two hours at room temperature.  The sample was then 
centrifuged and the supernatant transferred to a clean 30ml PFA beaker.  The sample was 
then rinsed three times with 18MΩ H2O and the rinses were combined with the 6N HCl. 
   
Once dry, the four leachate solutions were reacted with 2 ml concentrated HNO3, 
for an hour and then dried at 80°C. 50µl of H2¬O2 was added to both the NaOAc and 
HH leachates.  This process was repeated twice as it was necessary to enhance 
subsequent sample dissolution.  Once dry the samples were re-dissolved in 10ml of 2% 
HNO3 and an aliquot was removed and diluted for trace element analyses.  The 
concentrations of the aliquots are reported as µg/g of the original powder (Table 4). 
 
Residual and bulk rock dissolution: The residual rock after leaching was the 
dissolved in 3:1 HF:HNO3. After drying the sample, it was redissolved in 6N HCL plus 
8ml of 0.9M boric acid in a 10N HCl solution, in order to complex the F and limit the 
formation of insoluble fluorides (Koornneef et al., 2010), heated for three hours and dried 
at 80°C.  Once dry, the samples were redissolved in 7N HNO3, dried and finally picked 
up in 100 ml 2% HNO3.  An aliquot was taken for trace element analyses and the 
remaining solution was then prepared for Nd and Sr isotopes.  Hf isotopes were also 





APPENDIX G:  TRACE ELEMENT DISTRIBUTION (%) 
 
 
Percentage of trace element distribution between the H2O (red), NaOAc (green), HH 
(purple), 6N HCL (blue) leachates, leached rock (orange) where for the VAN 7-78 
samples all REE are unfractionated during leaching.  VAN 7-85 samples show removal 
of LREE over HREE during the NaOAc and HH leach while HREE are mobilized in the 
6N HCl leach.  Zr and Hf are confined prominently in the residual rock.  Sr is variably 
mobile during leaching but confined to the H2O, NaOAc, and HH leaches.  For further 





APPENDIX H: MINERAL PARTITION COEFFICIENTS 
 
  CPX OPX OLV 
Ba@ 0.00068 0.0001 1.00E-05 
Th@ 0.01 0.0006 5.00E-05 
U@ 0.001 0.0046 4.70E-04 
La@ 0.0536 0.002 1.00E-04 
Ce* 0.07 0.004 0.0003 
Pb@ 0.03 0.003 1.00E-04 
Pr@ 0.13 0.0079 0.00065 
Nd* 0.167 0.0118 0.001 
Sr@ 0.1283 0.003 1.00E-05 
Zr* 0.076 0.026 0.0033 
Hf* 0.143 0.0328 0.001 
Sm* 0.253 0.019 0.0013 
Ti* 0.3 0.15 0.015 
Gd@ 0.37 0.04 0.00 
Dy* 0.44 0.06 0.01 
Y@ 0.467 0.069 0.0099 
Er* 0.453 0.072 0.01 
Yb* 0.445 0.109 0.03 
Lu* 0.435 0.126 0.04 
 
@ Kelemen, P. B. et al. (2003) 




APPENDIX I: RECONSTRUCTED PROTOLITH BULK ROCK 
COMPOSITION 
 















VAN7-78-36H 0.00 0.00 4.35 17.40 88.01 0.01 20.14 134.44 
VAN7-78-39 7.75 0.27 82.75 0.42 1.03 1.59 1.36 23.62 
VAN7-78-41 7.32 0.91 14.78 7.25 27.04 0.45 4.93 28.81 
VAN7-85-42 0.62	 0.00	 7.34	 0.01	 0.30	 0.88	 0.54	 12.63	
VAN7-85-43 0.24 0.00 3.87 0.01 0.53 1.25 0.96 21.64 
VAN7-85-47 1.40 0.16 6.64 0.21 0.65 1.24 1.04 19.13 
         












(ng/g) Y (ng/g) 
VAN7-78-36H 0.10 1556.14 32.78 61.74 245.22 130.90 224.07 1334.21 
VAN7-78-39 0.03 92.78 15.98 37.42 218.03 112.19 217.62 1344.84 
VAN7-78-41 0.01 518.87 9.85 18.50 105.20 53.35 108.43 717.03 
VAN7-85-42 0.01	 54.46	 7.64	 21.63	 155.44	 63.80	 131.36	 812.99	
VAN7-85-43 0.01 65.73 10.98 34.54 190.70 92.26 184.25 1111.73 
VAN7-85-47 0.02 56.53 9.49 30.37 134.62 84.88 160.94 1011.80 
         





     VAN7-78-36H 164.34 211.22 33.57 
     VAN7-78-39 172.33 219.68 37.55 
     VAN7-78-41 98.80 160.29 29.38 
     VAN7-85-42 108.60	 150.95	 26.58	
     VAN7-85-43 144.04 190.28 31.88 
     VAN7-85-47 130.28 175.25 30.57 




APPENDIX J: BULK ROCK TRACE ELEMENT CONCENTRATIONS 
 
  Li (ppm) Sc (ppm) Ti (ppm) V (ppm) Cr (ppm) Co (ppm) Ni (ppm) Cu (ppm) Zn (ppm) 
VAN7-78-36H 4.39 13.8 346 56.8 2131 100 1850 17.268 45.653 
VAN7-78-39 4.92 16.2 263 74.0 2735 95 1780 26.726 53.593 
VAN7-78-41 3.30 14.3 186 56.7 1936 110 1941 34.779 51.615 
VAN7-85-30  4.19 13.6 219 57.1 2414 108 2071 1.961 32.693 
VAN7-85-44 4.64 11.8 247 53.0 2657 90 1746 2.835 39.346 
VAN7-85-42 2.84 12.2 187 51.1 2243 101 1888 14.696 46.370 
VAN7-85-43 5.19 13.3 180 57.5 2740 96 1936 16.879 48.374 
VAN7-85-47 4.74 11.9 171 51.4 1759 112 2155 11.585 46.287 
VAN7-96-29 7.11 13.7 480 70.4 2848 91 1894 86.803 44.809 
AII-60-9-74 5.56 12.8 239 53.7 2437 112 1688 9.571 93.611 
OCE -14-2 4.77 12.1 165 51.1 1826 99 1800 18.805 42.675 
          Continued Ga (ppm) Rb (ppm) Sr (ppm) Y (ppm) Zr (ppm) Nb (ppm) Cd (ppm) Sn (ppm) Cs (ppm) 
VAN7-78-36H 1.993 0.132 39.38 1.932 2.207 0.091 0.038 0.010 0.003 
VAN7-78-39 2.366 0.154 2.50 1.548 0.730 0.079 0.033 -0.002 0.005 
VAN7-78-41 1.759 0.122 3.11 1.271 0.494 0.039 0.074 0.019 0.003 
VAN7-85-30  1.921 0.151 3.95 1.312 0.174 0.005 0.063 -0.002 0.005 
VAN7-85-44 1.603 0.119 4.16 1.721 ND 0.003 0.096 0.010 0.003 
VAN7-85-42 1.784 0.085 143.35 1.240 0.150 0.003 0.070 0.002 0.002 
VAN7-85-43 1.932 0.151 3.56 1.425 0.149 0.004 0.085 0.080 0.003 
VAN7-85-47 1.394 0.135 4.04 1.447 0.138 0.003 0.087 0.369 0.003 
VAN7-96-29 1.813 0.327 16.26 1.983 3.099 0.034 0.088 0.037 0.007 
AII-60-9-74 1.824 0.221 3.63 1.630 1.614 0.016 0.029 0.042 0.016 
OCE -14-2 1.375 0.111 3.48 1.252 0.156 0.003 0.078 ND 0.003 
 




Ba (ppm) La (ppm) Ce (ppm) Pr (ppm) Nd (ppm) Sm (ppm) Eu (ppm) Gd (ppm) Tb (ppm) Dy (ppm) 
0.580 0.103 0.282 0.046 0.242 0.102 0.040 0.160 0.039 0.281 
0.407 0.052 0.110 0.017 0.077 0.046 0.020 0.099 0.029 0.226 
0.755 0.053 0.082 0.013 0.053 0.034 0.015 0.072 0.021 0.173 
0.477 0.009 0.012 0.002 0.020 0.029 0.013 0.069 0.022 0.176 
0.540 0.020 0.014 0.006 0.065 0.070 0.031 0.123 0.035 0.254 
0.699 0.003 0.004 0.001 0.015 0.026 0.013 0.062 0.020 0.161 
0.375 0.017 0.004 0.004 0.033 0.036 0.017 0.080 0.025 0.193 
0.432 0.007 0.005 0.002 0.026 0.035 0.017 0.079 0.024 0.193 
0.515 0.220 0.584 0.110 0.395 0.211 0.082 0.264 0.052 0.310 
0.293 0.107 0.338 0.059 0.315 0.117 0.081 0.190 0.035 0.254 
0.387 0.006 0.002 0.001 0.024 0.035 0.018 0.085 0.024 0.192 
          Continued 
         Ho (ppm) Er (ppm) Yb (ppm) Lu (ppm) Hf (ppm) Pb (ppm) Th (ppm) U (ppm) 
  0.067 0.212 0.217 0.037 0.064 0.024 0.009 0.464 
  0.058 0.194 0.224 0.037 0.030 0.060 0.007 0.053
  0.044 0.150 0.170 0.030 0.019 0.041 0.005 0.652
  0.045 0.149 0.168 0.030 0.025 0.013 0.001 0.579
  0.060 0.186 0.187 0.032 0.032 0.013 0.001 0.704
  0.043 0.144 0.168 0.029 0.020 0.004 0.001 0.746
  0.050 0.163 0.182 0.031 0.018 ND 0.000 0.948
  0.049 0.162 0.178 0.031 0.017 0.007 0.001 0.787
  0.068 0.197 0.188 0.031 0.100 0.049 0.005 0.607
  0.060 0.195 0.249 0.043 0.044 0.094 0.003 0.030
  0.048 0.155 0.184 0.030 0.017 0.006 0.000 0.898




APPENDIX K: REPORTED CONCENTRATIONS OF MAJOR 
ELEMENTS AND NORMALIZED TRACE ELEMENT 







Time (min) pH Mn RSD(%) Fe RSD(%) Ni RSD(%)
CF-23 577.22 15 0 8.54 0.03 4.75 1.10 4.01 0.028 6.08
60 7.93 0.01 5.17 0.11 7.98 0.011 8.54
Fe BDL ≤ 0.000144 µg/g 120 7.89 0.06 3.87 0.94 4.79 0.060 3.26
240 7.93 0.01 6.11 0.04 10.48 0.010 6.99
480 7.96 0.01 5.85 0.03 13.60 0.011 6.90
720 8.15 0.01 5.19 0.01 18.87 0.011 6.95
1200 7.87 0.01 4.52 BDL BDL 0.013 6.97
1440 7.85 0.02 4.06 BDL BDL 0.014 3.71
1680 7.78 0.02 5.62 BDL BDL 0.014 7.15
1920 7.65 0.02 5.77 BDL BDL 0.016 6.43
CF-22 256.99 15 0 7.16 0.02 5.13 0.43 4.79 0.015 6.00
60 6.62 0.01 5.52 0.13 5.21 0.008 6.05
Fe BDL ≤ 0.000150 µg/g 120 6.70 0.03 4.18 0.50 4.16 0.041 5.00
240 6.61 0.01 6.17 0.03 7.98 0.007 4.21
480 6.53 0.02 3.23 0.03 12.98 0.009 6.00
720 7.84 0.01 5.17 0.01 18.62 0.008 7.73
1200 7.73 0.01 4.93 0.01 18.16 0.010 7.99
1440 7.83 0.02 4.26 0.01 14.93 0.015 4.99
1680 7.65 0.02 3.80 0.02 12.97 0.011 7.58
1920 7.62 0.02 4.05 BDL BDL 0.011 7.94
CF-11 57.77 15 0 7.04 0.01 5.32 0.01 16.79 0.000 15.92
60 6.86 0.01 4.67 BDL BDL 0.000 21.31
Fe BDL ≤ 0.000034 µg/g 120 6.98 0.01 5.42 BDL BDL 0.000 21.16
240 6.89 0.01 5.47 0.00 31.50 0.001 12.32
480 7.02 0.01 4.94 0.00 30.15 0.001 9.80
720 7.06 0.01 5.50 0.00 28.30 0.001 10.06
960 7.13 0.01 5.34 0.01 29.54 0.001 13.56
1200 6.83 0.01 4.41 BDL BDL 0.001 14.87
2880 7.12 0.01 4.35 BDL BDL 0.002 10.36
CF-13 175.69 60 0 7.86 0.01 4.76 0.01 34.17 0.002 8.94
60 7.65 0.01 6.10 0.00 26.16 0.002 7.53
Fe BDL ≤ 0.000072 µg/g 120 7.59 0.01 5.38 0.00 29.92 0.003 9.48
240 7.55 0.01 5.06 0.00 27.68 0.003 8.28
480 7.53 0.01 5.81 BDL BDL 0.003 8.43
720 7.51 0.01 3.78 BDL BDL 0.003 15.03
960 7.49 0.01 6.10 BDL BDL 0.004 10.68
1200 7.52 0.03 4.03 BDL BDL 0.014 6.67
1440 7.50 0.01 6.44 BDL BDL 0.004 7.37
CF-12 57.77 60 0 7.06 0.01 7.44 BDL BDL BDL BDL
240 7.17 0.01 5.61 BDL BDL 0.000 21.40
Fe BDL ≤ 0.000072 µg/g 480 7.21 0.01 4.29 BDL BDL 0.000 13.51
720 7.18 0.01 4.07 BDL BDL 0.000 22.99
960 7.22 0.01 6.06 BDL BDL 0.001 23.29
1200 7.28 0.01 5.55 BDL BDL 0.000 14.65
1440 7.24 0.01 6.93 BDL BDL 0.001 22.11
CF-18 28.16 60 0 7.08 0.01 4.11 0.01 24.05 0.000 29.24
60 7.23 0.01 3.66 0.00 20.53 0.001 20.40
Fe BDL ≤ 0.000129 µg/g 120 6.98 0.01 4.72 0.00 15.86 0.001 21.75
240 6.86 0.01 5.76 0.00 13.59 0.001 13.23
720 6.93 0.01 3.92 0.00 22.49 0.001 16.21
960 7.04 0.01 4.85 0.02 16.10 0.001 12.20
1200 7.13 0.01 5.81 0.01 12.55 0.002 13.85
1440 7.26 0.01 5.63 0.01 21.67 0.002 9.85
2160 7.30 0.01 6.12 0.01 12.53 0.002 16.26






2880 7.17 0.01 4.59 BDL BDL 0.002 9.71
3600 7.16 0.01 3.38 BDL BDL 0.002 8.58
4320 7.03 0.01 4.37 0.00 23.79 0.003 11.89
5760 7.29 0.01 5.12 0.01 18.60 0.003 7.37
7200 7.32 0.01 5.05 0.00 12.89 0.003 8.62
CF-24 924.39 90 0 8.61 0.02 5.99 0.87 4.58 0.022 4.54
60 7.97 0.01 5.44 0.11 7.21 0.006 10.08
Fe BDL ≤ 0.000141 µg/g 120 7.88 0.05 4.75 0.52 5.28 0.045 4.98
240 7.93 0.01 6.77 0.02 11.71 0.004 10.00
480 7.82 0.01 4.91 0.01 15.69 0.004 10.54
720 7.83 0.01 5.48 0.01 16.26 0.005 8.88
1440 7.85 0.02 5.91 0.06 13.73 0.006 7.53
1680 7.85 0.01 6.03 0.02 14.90 0.004 10.27
1920 7.81 0.01 3.98 BDL BDL 0.004 10.45
CF-19 57.77 90 0 6.98 0.01 7.04 0.00 16.84 0.000 29.09
60 7.25 0.01 5.52 0.04 10.63 0.001 16.73
Fe BDL ≤ 0.000198 µg/g 120 7.34 0.01 5.12 0.00 22.59 0.002 12.34
240 7.23 0.01 5.78 BDL BDL 0.002 18.45
480 7.43 0.01 5.30 BDL BDL 0.003 14.77
720 7.40 0.01 4.09 BDL BDL 0.003 10.26
960 7.31 0.01 3.86 0.01 12.97 0.004 9.49
1200 7.20 0.01 4.89 BDL BDL 0.005 8.32
1440 7.46 0.01 5.07 BDL BDL 0.005 6.45
2160 7.60 0.01 4.97 0.01 13.43 0.006 8.52
2880 7.41 0.01 4.71 0.01 24.21 0.008 6.51
3600 7.55 0.01 3.39 0.01 12.79 0.008 7.69
4320 7.64 0.01 4.60 0.01 12.67 0.009 7.20
5760 7.61 0.01 5.75 0.00 16.97 0.009 5.30
7200 7.45 0.01 5.78 0.03 12.64 0.009 7.20
CF-17 28.16 90 0 7.13 0.01 4.87 BDL BDL BDL BDL
60 7.34 0.01 7.83 BDL BDL 0.000 21.70
Fe BDL ≤ 0.000274 µg/g 120 7.13 0.01 5.37 BDL BDL 0.000 16.18
240 7.25 0.01 5.01 BDL BDL 0.001 21.24
480 7.21 0.01 4.13 BDL BDL 0.001 12.47
720 7.24 0.01 6.16 BDL BDL 0.001 10.80
1440 7.34 0.01 5.51 BDL BDL 0.001 16.66
2160 7.37 0.01 5.37 BDL BDL 0.001 13.63
2880 7.24 0.01 5.68 BDL BDL 0.001 10.85
4320 7.47 0.00 5.14 BDL BDL 0.002 14.12
5760 7.58 0.00 5.50 BDL BDL 0.002 14.66
7200 7.52 0.01 5.03 BDL BDL 0.002 11.61
AP (unfiltered) 3338.75 15 0 - 0.01 4.46 0.02 4.42 0.000 4.07
30 - 0.06 3.83 1.01 6.26 0.051 7.66
Fe BDL ≤ 0.00000005 µg/g 60 - 0.05 4.08 0.34 8.55 0.044 6.64
180 - 0.04 5.26 0.12 8.15 0.043 6.01
360 - 0.04 4.69 0.17 10.74 0.031 9.22
720 - 0.03 4.95 0.09 13.31 0.033 6.44
1440 - 0.02 4.86 0.01 26.93 0.026 5.42
3240 7.83 0.02 5.31 BDL BDL 0.018 6.44
CF-20 (Agitated) 57.77 15 0 7.05 0.01 6.01 0.00 29.09 0.000 28.96
60 6.80 0.01 4.77 0.00 25.49 0.001 20.88
Fe BDL ≤ 0.000131 µg/g 120 7.05 0.01 4.01 0.00 20.04 0.001 20.24
240 6.95 0.01 5.52 0.00 21.70 0.001 17.89
480 7.12 0.01 4.16 0.01 18.94 0.001 13.38
720 7.11 0.01 5.23 0.01 16.01 0.002 9.70




1200 6.93 0.01 3.80 0.00 21.60 0.002 8.90
1440 7.23 0.01 4.51 0.02 12.49 0.003 12.89
2160 7.29 0.01 4.36 0.02 17.82 0.004 8.97
2880 7.09 0.01 4.78 0.01 12.98 0.004 4.52
ALG (unfiltered) 28.16 15 0 - 0.01 4.87 0.01 24.05 0.000 29.24
30 - 0.01 5.46 0.49 7.80 0.007 11.49
Fe BDL ≤ 0.00000005 µg/g 60 - 0.02 6.13 0.64 5.27 0.009 8.38
180 - 0.03 4.56 1.14 5.76 0.017 6.87
360 - 0.04 6.52 1.80 4.18 0.025 7.03
720 - 0.05 4.71 2.75 5.21 0.039 6.70
1440 - 0.06 6.45 2.85 4.23 0.041 7.89
3240 - 0.05 3.22 2.92 5.92 0.044 8.19
10080 - 0.06 3.47 2.94 3.63 0.063 4.44
30240 0.07 3.23 0.34 6.91 0.078 4.01
CF-21 3338.75 60 0 8.30 0.06 4.46 2.55 4.42 0.068 4.07
30 8.20 0.01 6.29 0.18 9.31 0.006 4.85
Fe BDL ≤ 0.000158 µg/g 60 8.13 0.01 4.77 0.07 11.67 0.004 9.39
120 8.12 0.01 5.03 0.03 15.10 0.004 10.37
240 8.06 0.01 3.82 0.01 14.98 0.011 7.77
480 8.09 0.01 6.04 0.01 16.47 0.003 10.88
720 8.08 0.01 7.57 0.00 16.83 0.004 7.48
960 8.10 0.01 9.04 BDL BDL 0.003 7.95
1200 8.03 0.01 5.66 BDL BDL 0.003 12.54
1440 7.89 0.01 5.24 BDL BDL 0.003 9.16
HP (unfiltered) 3338.75 90 0 - 0.01 4.46 0.02 4.42 0.000 4.07
30 - 0.05 4.15 0.44 6.01 0.043 5.02
Fe BDL ≤ 0.00000005 µg/g 60 - 0.05 3.48 0.39 10.24 0.034 7.45
180 - 0.03 5.05 0.20 7.84 0.019 6.41
360 - 0.01 6.90 0.10 8.26 0.012 8.65
720 - 0.01 6.38 0.29 7.75 0.009 7.78
1440 - 0.01 6.85 0.08 10.99 0.006 7.96





Mg RSD(%) Si RSD(%) Ca RSD(%) Sr RSD(%) Ba RSD(%) Nd RSD(%) Sm RSD(%) Gd
1245.98 4.23 4.04 3.94 388.44 4.96 1.00 4.76 1.00 2.86 1.00 1.50 1.00 1.50 1.00
1211.01 6.01 2.26 4.21 370.89 3.60 0.96 7.09 0.97 2.93 0.31 3.67 0.26 3.65 0.26
1256.40 5.00 2.38 4.09 399.00 3.95 0.99 4.68 0.97 3.80 0.23 3.23 0.19 4.36 0.19
1236.63 5.28 2.28 5.73 382.21 4.38 0.97 5.24 0.97 4.48 0.14 2.94 0.11 4.01 0.12
1299.42 4.55 2.52 4.07 416.82 4.68 1.02 4.29 0.99 2.48 0.09 3.90 0.07 3.41 0.07
1278.01 4.88 2.44 5.22 389.29 5.50 0.99 6.27 1.01 3.22 0.07 4.34 0.04 4.29 0.05
1332.80 4.38 2.75 3.69 413.48 5.00 1.05 6.43 1.05 3.42 0.05 4.22 0.03 5.01 0.04
1408.88 4.79 2.93 3.18 447.16 3.15 1.11 3.73 1.10 3.53 0.05 5.70 0.03 6.14 0.03
1397.70 4.12 3.04 3.71 444.25 4.65 1.08 5.03 1.06 3.72 0.04 3.76 0.03 7.05 0.03
1465.79 5.11 3.20 4.41 459.84 4.96 1.12 5.71 1.10 3.21 0.05 5.75 0.03 5.67 0.03
1232.07 5.17 1.95 3.79 377.32 4.99 1.00 5.29 1.00 3.41 1.00 0.00 1.00 0.00 1.00
1245.49 4.37 1.49 4.50 379.91 6.21 1.00 4.46 1.00 4.47 0.82 2.83 0.76 3.76 0.78
1254.62 4.67 1.54 3.20 392.92 3.95 1.00 4.26 1.02 3.23 0.66 3.27 0.58 3.08 0.61
1251.94 4.85 1.56 4.57 394.67 4.42 1.00 3.79 1.00 3.48 0.57 3.42 0.46 2.93 0.49
1423.23 5.93 2.13 4.29 451.04 4.81 1.15 4.36 1.13 3.43 0.52 3.69 0.40 3.70 0.44
1409.78 4.34 1.78 4.03 411.65 4.49 1.11 5.93 1.10 2.85 0.46 3.61 0.34 3.08 0.38
1369.59 4.82 1.87 3.82 429.89 3.97 1.09 5.58 1.06 3.57 0.36 3.90 0.25 3.26 0.29
1473.14 4.24 2.11 3.74 468.44 3.79 1.19 4.15 1.14 3.89 0.38 3.87 0.26 3.52 0.30
1409.07 3.99 1.95 3.25 436.24 4.99 1.14 3.61 1.12 3.01 0.35 3.43 0.24 4.09 0.28
1400.52 4.04 2.00 4.59 438.68 3.06 1.13 5.26 1.12 3.35 0.32 3.21 0.22 5.08 0.25
1319.03 2.85 0.55 6.63 431.18 2.61 1.00 2.36 1.00 2.34 1.00 0.00 1.00 0.00 1.00
1346.87 2.65 0.62 5.19 430.69 3.42 1.01 2.40 1.01 2.60 0.99 2.17 0.98 2.68 0.99
1349.28 2.63 0.63 3.67 433.00 3.01 1.00 2.78 1.00 2.64 0.97 2.76 0.95 2.85 0.96
1337.94 2.87 0.61 4.58 438.69 2.34 1.00 2.34 0.99 2.30 0.94 2.58 0.91 2.78 0.92
1371.12 2.61 0.85 3.71 439.75 3.05 1.02 2.78 1.01 2.95 0.94 2.97 0.91 3.03 0.93
1363.86 2.31 0.89 3.95 434.98 2.88 1.00 2.88 0.99 2.58 0.91 2.95 0.88 3.64 0.90
1365.89 2.39 0.85 4.66 446.40 3.18 1.02 3.75 0.98 3.31 0.87 3.84 0.84 4.26 0.85
1364.01 3.08 0.84 3.64 447.10 3.02 1.01 3.16 0.99 3.04 0.87 3.47 0.82 3.26 0.85
1365.64 2.72 0.97 3.65 446.20 3.11 1.02 2.89 1.00 3.19 0.85 2.84 0.78 3.36 0.83
1278.90 2.23 10.54 3.24 404.44 2.84 1.00 3.06 1.00 2.60 1.00 0.00 1.00 0.00 1.00
1358.84 2.42 1.28 5.08 428.99 2.49 1.03 2.14 1.02 2.26 0.74 2.51 0.64 2.68 0.68
1374.54 2.69 1.14 4.83 440.21 2.67 1.05 3.90 1.02 2.73 0.62 2.83 0.51 2.45 0.55
1406.58 2.40 1.39 4.68 457.72 3.20 1.07 2.58 1.05 2.83 0.53 3.12 0.41 2.57 0.45
1318.44 2.40 1.40 5.02 419.99 2.97 0.99 2.79 0.98 3.12 0.39 2.28 0.28 2.63 0.31
1333.67 2.24 1.51 3.82 429.18 2.91 1.02 3.15 1.39 77.78 0.34 2.34 0.24 2.96 0.27
1458.23 2.69 1.61 4.45 472.45 2.68 1.12 2.82 1.10 2.58 0.34 2.76 0.23 2.79 0.26
1503.93 2.41 1.72 5.79 482.22 2.50 1.14 2.83 1.13 2.44 0.31 2.96 0.21 2.54 0.24
1523.07 2.74 1.69 4.39 497.09 3.03 1.16 3.66 1.13 2.30 0.29 3.06 0.20 3.15 0.23
1373.70 2.52 0.74 4.79 436.36 2.73 1.00 3.49 1.00 2.54 1.00 0.00 1.00 0.00 1.00
1392.32 2.90 0.92 4.92 445.79 3.17 1.05 3.86 1.35 2.58 0.92 2.87 0.88 2.55 0.90
1358.77 2.30 1.02 4.47 434.79 3.18 1.02 3.69 1.02 4.93 0.84 2.83 0.78 2.48 0.81
1387.06 3.00 1.01 4.64 439.80 3.29 1.03 3.62 1.02 63.33 0.81 2.78 0.74 3.17 0.77
1384.33 2.71 1.03 6.64 439.18 3.73 1.03 2.85 1.04 2.22 0.79 3.22 0.71 2.41 0.74
1471.80 2.44 1.13 4.07 462.83 2.91 1.08 3.53 1.18 27.17 0.79 3.15 0.71 2.63 0.74
1469.06 2.48 1.08 4.40 464.89 2.89 1.09 2.50 1.09 3.24 0.78 2.78 0.68 2.86 0.72
1339.93 4.20 0.85 4.30 423.72 4.93 1.00 4.79 1.00 2.78 1.00 0.00 1.00 0.00 1.00
1342.18 4.54 0.84 3.21 440.18 4.41 1.01 5.34 1.00 3.79 0.92 2.55 0.89 3.50 0.91
1390.55 3.30 0.76 2.79 431.00 4.14 1.02 3.21 1.02 2.95 0.93 3.51 0.90 2.90 0.92
1378.13 5.68 0.84 4.98 440.27 5.13 1.02 5.19 1.02 3.08 0.92 3.14 0.89 3.37 0.91
1379.52 4.56 0.82 5.67 421.05 4.59 1.01 2.91 0.99 3.78 0.88 2.74 0.84 3.27 0.86
1416.62 4.80 0.95 3.82 444.87 3.78 1.04 5.89 1.02 3.28 0.89 3.13 0.82 2.98 0.85
1429.47 5.24 0.97 3.69 452.65 4.94 1.04 4.90 1.01 2.29 0.86 3.13 0.80 3.19 0.82
1425.36 5.26 0.94 3.62 459.89 4.21 1.05 6.57 1.03 2.95 0.84 2.51 0.77 3.00 0.80
1514.13 4.86 1.00 3.59 471.49 3.90 1.06 5.11 1.06 3.26 0.83 3.48 0.75 2.93 0.78





1459.26 4.74 0.89 4.03 460.94 4.98 1.06 5.92 1.02 3.47 0.79 2.76 0.71 2.64 0.76
1427.40 4.66 0.81 4.15 452.26 5.21 1.04 4.52 0.99 2.88 0.75 3.06 0.67 3.35 0.71
1423.72 4.28 0.82 4.30 449.68 5.34 1.03 5.19 1.02 3.80 0.76 2.78 0.68 2.23 0.71
1405.09 5.26 0.85 6.99 459.37 4.33 1.02 5.67 1.02 3.57 0.71 3.32 0.62 3.66 0.66
1457.35 4.50 0.89 3.27 460.41 5.86 1.05 7.32 1.01 2.96 0.73 2.92 0.63 3.91 0.67
1157.46 4.19 5.16 3.68 381.65 5.09 1.00 5.31 1.00 3.24 1.00 0.00 1.00 0.00 1.00
1203.14 4.52 4.10 4.04 372.47 3.73 1.02 4.47 1.01 3.86 0.15 3.38 0.13 4.77 0.13
1199.72 4.22 3.92 3.34 374.33 5.66 0.98 4.90 0.96 2.88 0.06 4.23 0.04 4.44 0.04
1225.36 5.74 4.20 4.53 414.99 4.77 1.06 5.56 1.01 2.66 0.04 4.88 0.02 7.37 0.02
1269.34 6.03 4.45 4.66 387.66 5.67 1.05 6.13 1.04 3.95 0.02 5.61 0.01 5.84 0.01
1531.95 3.95 5.73 4.25 481.78 5.51 1.26 5.48 1.21 3.89 0.02 6.27 0.01 6.53 0.01
1495.57 5.37 5.64 3.71 465.90 3.91 1.20 5.04 1.12 3.46 0.01 7.29 0.01 7.64 0.01
1440.46 4.43 5.38 3.75 461.09 5.24 1.14 4.48 1.11 3.86 0.01 7.46 0.01 7.56 0.01
1476.87 5.83 5.48 4.01 467.44 5.44 1.19 4.28 1.18 3.39 0.01 7.93 0.00 13.25 0.00
1311.20 2.87 0.67 4.54 419.67 3.51 1.00 2.80 1.00 2.07 1.00 0.00 1.00 13.70 1.00
1365.80 3.58 1.20 4.03 438.14 4.03 1.02 4.45 1.02 2.34 0.85 2.43 0.80 2.46 0.82
1345.01 4.57 1.21 4.27 440.92 4.69 1.02 3.27 1.00 2.15 0.77 2.69 0.72 2.26 0.73
1454.22 2.63 1.30 4.77 467.97 4.28 1.07 5.53 1.06 2.41 0.73 2.19 0.66 2.28 0.68
1365.55 4.78 1.32 3.43 439.91 3.66 1.01 4.26 0.99 2.71 0.58 2.48 0.49 2.26 0.52
1391.45 3.58 1.26 5.70 448.89 3.68 1.04 4.59 1.03 1.94 0.55 1.96 0.46 2.45 0.49
1397.24 3.88 1.27 5.36 443.61 4.60 1.03 5.41 1.00 2.30 0.50 2.28 0.41 2.65 0.44
1484.49 4.74 1.42 3.35 471.00 4.75 1.09 4.48 1.07 2.17 0.52 2.25 0.42 2.30 0.45
1452.24 4.59 1.44 4.84 459.97 4.41 1.06 4.08 1.03 2.27 0.46 2.44 0.36 2.44 0.39
1456.59 4.94 1.41 3.07 469.12 4.17 1.06 5.45 1.03 2.07 0.35 2.69 0.26 2.45 0.28
1519.59 3.86 1.32 4.14 488.93 4.02 1.15 4.70 1.11 2.31 0.33 2.53 0.24 2.64 0.26
1465.52 5.84 1.20 3.99 473.75 4.78 1.09 4.42 1.08 2.03 0.30 2.57 0.21 2.64 0.23
1331.99 5.20 1.20 4.26 427.64 5.36 0.97 5.50 0.95 2.70 0.25 2.45 0.17 2.19 0.19
1394.43 4.98 1.38 3.25 445.41 3.62 1.03 4.65 1.01 2.48 0.19 2.89 0.13 2.43 0.14
1422.15 3.06 1.35 3.82 455.43 3.58 1.06 4.13 1.04 2.25 0.22 2.94 0.15 2.83 0.17
1310.60 5.03 0.58 4.01 420.49 5.26 1.00 5.60 1.00 2.71 1.00 0.00 1.00 0.00 1.00
1293.24 4.90 0.70 3.83 414.37 4.17 0.97 4.06 0.97 2.52 0.84 3.22 0.79 2.88 0.81
1332.14 4.82 0.70 4.00 429.94 3.70 1.00 4.36 1.00 3.25 0.81 3.11 0.75 3.12 0.77
1361.45 4.13 0.61 4.08 428.74 3.35 1.01 3.49 1.02 2.27 0.78 2.80 0.71 2.89 0.74
1327.07 4.34 0.64 3.31 437.49 4.43 1.01 4.65 1.01 2.54 0.75 2.81 0.66 3.38 0.70
1338.10 5.03 0.66 3.34 429.00 4.17 1.01 2.99 0.99 2.83 0.71 2.73 0.61 2.16 0.65
1412.23 4.79 0.68 3.19 459.65 4.04 1.05 4.25 1.06 3.27 0.64 2.82 0.53 2.84 0.57
1291.75 4.99 0.64 3.54 420.75 4.14 0.97 3.79 0.95 2.95 0.50 3.47 0.40 3.47 0.43
1420.22 5.45 0.58 4.94 463.40 4.48 1.06 5.82 1.05 2.00 0.53 3.27 0.42 3.87 0.45
1405.18 4.44 0.54 3.06 455.71 3.89 1.05 3.84 1.03 3.37 0.22 3.38 0.17 3.29 0.24
1456.52 5.13 0.64 3.53 472.68 5.05 1.07 5.75 1.04 2.62 0.06 4.26 0.06 3.59 0.11
1468.83 4.32 0.62 4.40 471.86 3.98 1.06 4.18 1.03 2.29 0.08 3.64 0.08 3.10 0.13
1278.90 5.11 3.48 3.84 404.44 3.84 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1428.63 17.33 43.13 4.11 385.98 2.91 0.96 3.40 1.01 2.75 0.19 2.85 0.15 3.54 0.17
1724.70 21.84 38.53 4.13 389.30 2.97 0.95 3.73 1.00 2.74 0.09 3.65 0.07 3.92 0.08
2277.93 17.22 40.42 3.48 393.69 3.38 0.95 3.64 1.00 3.20 0.05 3.88 0.04 4.21 0.04
1064.90 22.14 43.63 4.20 390.43 3.05 0.98 4.81 0.99 2.68 0.02 5.48 0.02 5.12 0.02
1628.67 25.66 46.61 3.40 395.67 3.07 0.99 3.20 1.02 2.61 0.02 4.87 0.01 5.42 0.02
1607.07 22.13 50.85 3.23 407.33 3.16 1.01 3.29 1.00 3.13 0.00 8.42 0.00 9.51 0.00
1208.61 25.77 54.45 3.70 416.78 2.83 1.01 3.90 1.00 2.62 0.00 16.11 0.00 28.14 0.00
1327.36 3.68 0.90 2.95 415.66 3.14 1.00 4.32 1.00 2.49 1.00 2.27 1.00 2.04 1.00
1340.95 4.83 1.06 4.36 422.13 4.96 1.01 5.01 1.02 2.38 0.98 2.32 0.95 2.13 0.97
1329.97 3.14 1.03 4.62 419.42 3.58 1.01 3.75 1.03 2.25 0.97 2.45 0.93 2.27 0.95
1346.70 4.84 1.10 4.13 426.12 4.60 1.02 4.71 1.03 2.32 0.95 2.31 0.91 2.26 0.94
1380.73 2.64 1.11 4.47 422.97 5.33 1.00 4.64 1.01 2.40 0.89 2.33 0.84 2.25 0.88
1351.74 3.76 1.13 3.92 423.25 3.03 1.02 2.46 1.01 2.15 0.88 2.27 0.83 2.13 0.87




1396.55 2.99 1.27 4.57 430.85 5.25 1.02 5.17 1.04 2.30 0.86 2.20 0.78 2.20 0.83
1348.96 4.99 1.34 4.17 427.25 4.19 1.02 3.84 1.11 2.16 0.85 2.42 0.76 2.45 0.81
1342.66 3.93 1.40 4.23 421.83 4.44 1.02 5.61 1.02 1.94 0.78 2.18 0.69 2.42 0.76
1384.81 3.86 1.30 4.97 436.88 3.35 1.07 3.72 1.08 2.37 0.79 2.21 0.69 2.14 0.77
1278.90 5.03 5.60 4.01 404.44 5.26 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
1673.40 22.82 24.52 4.91 415.97 3.41 1.01 3.50 1.03 3.60 1.02 2.96 1.02 3.21 1.02
976.37 23.24 25.70 5.49 408.85 2.98 1.02 4.72 1.02 3.43 1.02 3.63 1.02 3.35 1.01
1578.28 22.91 44.50 3.95 413.65 3.02 1.03 3.44 1.03 3.36 1.02 3.99 1.01 4.44 1.02
1401.13 25.89 67.10 4.50 418.31 2.89 1.01 3.85 1.03 3.35 1.02 3.35 1.03 2.99 1.02
1160.78 27.56 100.24 4.20 413.06 2.87 1.02 4.70 1.04 3.45 1.02 3.46 1.02 3.71 1.02
990.58 23.44 104.01 3.50 401.05 3.73 1.04 5.33 1.03 3.40 1.01 3.00 1.00 2.98 1.01
1158.42 26.75 112.07 3.68 410.05 3.02 1.02 3.04 1.01 4.25 1.01 3.44 1.01 4.03 0.99
1864.16 6.68 159.35 3.70 427.96 3.15 1.09 2.83 1.02 2.80 1.02 2.56 1.02 2.78 1.02
1868.76 5.93 196.76 4.21 436.59 3.25 1.09 3.99 1.05 2.71 1.03 2.62 1.02 2.47 1.03
1262.69 5.11 8.77 3.84 387.73 3.84 1.00 3.93 1.00 3.56 1.00 0.00 1.00 0.00 1.00
1313.89 5.38 3.97 3.12 404.09 3.70 1.06 4.35 0.98 2.61 0.30 3.39 0.29 2.94 0.27
1305.03 4.32 3.64 4.16 385.60 4.65 1.01 5.23 0.99 2.47 0.16 3.33 0.14 3.34 0.13
1273.36 5.26 3.33 4.19 385.66 3.29 1.01 4.90 0.96 2.86 0.09 4.41 0.07 4.01 0.07
1281.42 4.55 3.42 3.07 386.37 4.90 1.00 3.59 0.94 2.65 0.04 6.13 0.03 4.37 0.03
1299.21 3.77 3.53 3.81 408.12 4.12 1.02 3.09 0.93 2.76 0.02 7.25 0.01 7.05 0.01
1435.44 5.88 3.95 3.82 433.17 4.23 1.10 5.17 1.01 2.84 0.02 8.91 0.01 9.24 0.01
1334.46 5.14 3.61 3.74 400.15 5.22 1.03 5.44 0.96 3.32 0.01 8.43 0.01 9.16 0.01
1424.29 3.46 3.91 3.37 453.92 3.24 1.09 3.93 1.01 3.26 0.01 8.35 0.01 8.71 0.01
1455.40 3.93 4.18 3.91 461.20 3.64 1.12 3.44 1.02 3.04 0.01 13.09 0.01 8.61 0.01
1278.90 5.11 3.48 3.84 404.44 3.84 1.00 0.00 1.00 0.00 1.00 0.00 1.00 0.00 1.00
2544.86 17.03 55.70 3.22 426.30 2.79 1.00 3.28 1.04 3.18 0.11 3.49 0.10 4.05 0.10
1592.18 18.33 64.80 3.34 426.67 2.73 1.02 3.74 1.08 2.72 0.04 4.04 0.03 4.86 0.03
1657.88 23.25 72.91 3.06 421.30 2.71 1.04 3.80 1.07 3.08 0.03 3.93 0.03 8.17 0.03
2100.55 15.82 74.92 3.14 425.46 2.99 1.03 3.37 1.06 3.03 0.01 7.97 0.01 4.76 0.01
811.39 19.08 77.10 3.72 425.87 3.99 1.09 3.51 1.06 2.47 0.02 5.51 0.01 9.35 0.01
1798.06 22.80 72.17 3.10 408.97 2.73 0.99 4.16 0.99 3.10 0.00 7.39 0.00 21.94 0.00
1037.44 22.35 68.09 3.51 439.88 2.61 1.07 3.63 1.08 3.25 0.00 15.46 0.00 1.50 0.00
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  RSD(%) Dy RSD(%) Yb RSD(%)
1.50 1.00 1.50 1.00 1.50
3.28 0.24 2.98 0.22 4.38
4.25 0.18 3.87 0.16 3.48
3.14 0.10 4.39 0.09 3.73
4.97 0.06 5.05 0.05 4.44
5.22 0.04 5.04 0.03 5.96
3.66 0.03 5.59 0.02 5.45
3.29 0.02 5.21 0.02 5.66
5.83 0.02 5.96 0.02 4.86
5.17 0.02 4.76 0.02 6.33
0.00 1.00 4.66 1.00 0.00
3.76 0.74 4.03 0.68 4.42
3.34 0.55 4.41 0.48 4.01
2.90 0.44 3.23 0.36 3.30
3.28 0.37 3.63 0.28 4.13
3.99 0.31 3.14 0.23 3.96
3.63 0.22 3.75 0.15 4.77
3.21 0.23 4.50 0.15 3.93
3.68 0.21 3.25 0.14 3.26
4.06 0.19 4.12 0.12 3.17
0.00 1.00 2.62 1.00 0.00
2.42 0.98 3.01 0.97 2.76
2.55 0.96 2.14 0.95 2.51
2.90 0.92 3.13 0.90 2.35
2.76 0.91 3.21 0.87 2.87
2.92 0.87 2.95 0.83 2.72
4.58 0.83 3.65 0.78 3.20
2.63 0.82 3.47 0.77 3.43
3.27 0.78 2.82 0.69 2.61
0.00 1.00 2.34 1.00 0.00
3.04 0.62 2.50 0.56 2.50
3.05 0.48 2.28 0.41 3.04
3.02 0.37 2.85 0.28 2.93
3.20 0.24 2.77 0.16 3.80
2.42 0.20 2.62 0.13 5.97
2.80 0.19 2.69 0.12 3.32
2.78 0.17 2.67 0.11 2.64
2.77 0.16 2.48 0.10 2.84
0.00 1.00 3.13 1.00 0.00
2.28 0.86 2.56 0.78 2.70
2.36 0.76 2.44 0.66 2.49
2.91 0.71 2.76 0.60 2.56
2.69 0.67 2.54 0.56 2.69
2.59 0.66 2.58 0.54 2.30
2.77 0.64 2.68 0.50 2.82
0.00 1.00 3.99 1.00 0.00
3.32 0.89 3.77 0.82 4.25
3.01 0.89 3.17 0.82 3.08
3.56 0.87 3.16 0.78 2.62
2.69 0.80 3.25 0.70 3.57
2.75 0.78 3.78 0.66 3.34
3.54 0.76 3.48 0.64 3.22
3.17 0.73 4.05 0.61 3.34
3.31 0.70 4.48 0.53 4.19





2.93 0.66 3.15 0.50 3.65
3.15 0.61 3.50 0.45 3.20
2.72 0.63 3.01 0.45 2.91
4.17 0.55 3.80 0.38 3.89
3.24 0.58 3.79 0.41 3.45
0.00 1.00 4.94 1.00 0.00
4.19 0.12 4.19 0.11 3.74
4.76 0.03 6.54 0.03 3.71
4.50 0.02 4.95 0.01 7.59
7.90 0.01 6.63 0.01 4.77
12.27 0.01 5.69 0.00 8.03
9.02 0.00 11.68 0.00 16.35
9.14 0.00 11.18 0.00 8.12
8.75 0.00 12.30 0.00 14.72
0.00 1.00 2.17 1.00 0.00
2.23 0.78 2.31 0.70 2.01
2.32 0.68 2.07 0.59 2.23
2.61 0.61 2.37 0.49 2.20
2.71 0.44 3.42 0.32 2.07
1.95 0.40 2.09 0.28 2.44
2.43 0.35 2.32 0.24 2.34
2.69 0.36 2.26 0.23 2.26
2.70 0.30 2.42 0.19 2.58
2.57 0.20 2.50 0.12 2.96
2.46 0.18 2.35 0.10 3.15
2.24 0.16 2.41 0.08 3.15
2.81 0.13 2.46 0.07 3.74
2.88 0.09 3.13 0.05 3.29
2.75 0.11 2.73 0.07 3.12
0.00 1.00 3.18 1.00 0.00
2.82 0.75 3.05 0.67 3.26
3.12 0.70 2.78 0.61 2.72
2.78 0.66 3.20 0.54 3.77
3.32 0.61 3.17 0.48 3.33
3.28 0.56 2.93 0.43 3.92
2.84 0.46 3.52 0.32 3.73
3.73 0.33 3.49 0.21 3.36
3.06 0.34 2.86 0.21 4.30
3.41 0.20 2.87 0.13 3.13
3.31 0.10 3.62 0.08 3.83
4.38 0.13 2.95 0.11 4.17
0.00 1.00 0.00 1.00 0.00
3.49 0.15 2.84 0.13 3.48
2.72 0.06 3.04 0.06 3.69
4.52 0.03 4.43 0.03 4.05
4.76 0.02 5.15 0.01 4.41
5.65 0.01 4.78 0.01 4.69
7.22 0.00 6.69 0.00 8.69
8.30 0.00 26.92 0.00 31.47
2.25 1.00 2.01 1.00 2.17
1.88 0.95 2.02 0.92 2.32
2.49 0.93 2.32 0.89 2.05
2.34 0.91 2.13 0.84 2.02
2.24 0.84 2.06 0.75 2.16
2.24 0.83 2.11 0.76 2.21




2.31 0.78 2.09 0.68 2.00
2.15 0.77 2.12 0.66 2.04
2.16 0.70 2.15 0.59 2.08
2.16 0.71 2.15 0.58 2.13
0.00 1.00 0.00 1.00 0.00
3.77 0.99 4.09 1.05 6.89
3.24 0.98 4.70 0.96 8.71
4.07 1.01 4.62 1.07 6.87
3.12 1.00 3.84 1.09 7.59
3.65 1.01 5.13 1.03 8.27
3.14 0.98 4.95 0.99 8.08
3.44 0.99 4.40 1.05 6.80
2.76 1.02 7.03 1.04 6.38
2.37 1.02 5.49 1.05 6.20
0.00 1.00 3.87 1.00 0.00
2.91 0.26 3.50 0.25 3.39
3.29 0.12 3.54 0.10 3.33
4.58 0.05 3.81 0.04 4.41
4.48 0.02 4.53 0.01 6.13
5.58 0.01 4.38 0.01 7.25
5.90 0.01 4.54 0.00 8.91
7.03 0.00 6.66 0.00 8.43
9.58 0.00 7.75 0.00 8.35
5.76 0.00 6.86 0.00 13.09
0.00 1.00 0.00 1.00 0.00
3.50 0.10 3.75 0.10 4.92
4.15 0.03 4.37 0.03 5.24
4.38 0.03 4.36 0.03 8.88
6.97 0.01 6.83 0.01 7.23
7.05 0.01 4.97 0.01 13.26
8.20 0.00 9.13 0.00 29.50
6.91 0.00 20.87 0.00 1.50
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APPENDIX L: BACKSCATTERED ELECTRON (BSE) IMAGES OF 
88SAL 1-1 OLIVINE AND CF-19 REACTED OLIVINE  
 
 
Backscattered electron (BSE) images of 88SAL 1-1 olivine (A) and CF-19 reacted 
olivine (B).  Images show similar textural features, with distinct sharp edges and no 
dissolution pits on the reacted mineral surface (B).  Compositionally both images show 
no distinct changes in composition across their mineral surface.  Secondary Fe-
(hydr)oxides would be expected to show as bright spots under BS. 
  




APPENDIX M: MÖßBAUER ANALYSIS OF FRESH OLIVINE 
POWDERS FROM 88SAL 1-1 AND REACTED POWDERS FROM 
EXPERIMENT HP (GSA: 3338 CM2/G AT 90°C) 
 
Mößbauer analysis of fresh olivine powders from 88SAL 1-1 and reacted powders from 
experiment HP (GSA: 3338 cm2/g at 90°C). The Mößbauer spectra of the initial and final 
reactant olivine were deconvoluted by fitting two Lorentzian absorption doublets that 
correspond to the distribution of isomer shifts and quadrupole splitting of the M1 and M2 
octahedral sites of the hexagonnaly close-packed structure of olivine (i.e. Dyar et al. 
2009). The hyperfine interactions attained in both samples are in close agreement with 




APPENDIX N: BACKGROUND CORRECTED XRD LINE PLOTS OF INTENSITIES FOR FRESH OLIVINE 






Background corrected XRD line plots of intensities against two-theta detector position for fresh olivine 88-SAL 1-1 (OLV 88SAL) 
and reacted olivine from experiment HP (unfiltered) shifted by 500 units for comparison purposes.  Plotted points are for distinct 




APPENDIX O: MÖßBAUER SPECTROSCOPY OF OLIVINE GRAINS 
PERFORMED AT 297 K 
 
Sample ISM1Fe2+  QSM1tFe2+ Γ  ISM2Fe2+  QS M2Fe2+ Γ  
 (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) (mm/s) Olivine 88SAL 1.02 (0.06) 2.93 (0.06) 0.28 1.06 (0.05) 3.05 (0.05) 0.23 
Olivine HP 0.99 (0.01) 3.05 (0.01) 0.22 1.09 (0.01) 3.09 (0.01) 0.25 
Fo90 – Dyar et al. (2009) 1.16 2.76 0.29 1.18 2.96 0.29 
 
Symbols:  
IS = isomer shift and QS is the quadrupole splitting of the Fe2+ occupying the M1 and M2 
six-fold octahedral sites of olivine hexagonally close -packed structure.  
Γ = full-width at half height (FWHH) of the fitted Lorentzian distributions.  
Number in parentheses denotes uncertainty from spectra deconvolution. 
 
